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Separation of hydrocarbons (HCs) is industrially relevant thanks to their widespread 
utility in the petrochemical industry but remains a challenge because of the similar 
physicochemical properties of the components of important gas mixtures such as those 
produced during manufacture of C2 and C3 HCs. Technologies to separate such HCs currently 
rely upon energy-intensive separations such as cryogenic distillation, chemisorption, or solvent 
extraction. Physisorbents offer the potential to enable energy-efficient adsorptive separation 
technologies for purification of HCs and there is a growing activity in this area. In this context, 
metal-organic materials (MOMs), including metal-organic frameworks (MOFs) and porous 
coordination polymers (PCPs), have emerged as leading candidates for addressing 
energy-efficient gas/vapour/liquid separations such as C2H2/CO2, C2H2/C2H4, C3H4/C3H6, C8 
aromatic isomers etc.  
Crystal engineering, the field of chemistry that studies the design, properties, and 
applications of crystals, has evolved from a focus upon the design of new crystalline materials 
and their properties to an emphasis upon creating the right materials for the right applications. 
MOMs that are amenable to crystal engineering are important in this context as they offer a 
means of precise control over pore size/chemistry and they have recently emerged as 
benchmark physisorbents for separating HCs. Herein, we address structure-property 
relationships with respect to HC adsorption in two subclasses of MOMs, layered square lattice 
(sql) coordination networks and hybrid ultramicroporous materials (HUMs, also known as 
inorganic linker pillared sql networks).  
Chapter 1 reviews the importance of separating small molecules of industrial relevance, 
especially C1-C8 HCs. Herein, present, and emerging technologies for HCs’ separation and 
purification, contextualizing their energy efficiency and regenerability are reviewed 
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comprehensively. Adsorptive separation based on physisorbents, an alternative technology that 
is more energy efficient to separate HCs, has been discussed. Guided by crystal engineering 
blueprints, the development of two generations of MOM based HC adsorbents have been 
discussed, in terms of fine-tuning their pore size/chemistry. Further we discuss about layered 
sql coordination networks, an underexplored class of MOMs for their emerging role in 
separation and purification of HCs and its switching behaviour that exhibit high adsorption 
capacity and selectivity in the pressure region where one component can open the framework 
while others cannot. Hybrid ultramicroporous (pore size < 0.7 nm) materials (HUMs), can also 
be called as pillared square grid networks, also a subclass of MOMs, are outstanding candidates 
for physisorptive separation of HCs, as they offer benchmark selectivities for several C1-C3 
separations. This chapter also reviews HUMs and other sorbents and their performance for 
separation and purification of light hydrocarbons (LHs). A brief discussion on how to control 
the pore environments of MOMs in ways to elicit optimal binding sites specific for target HC 
molecules concludes the chapter. 
Chapter 2 highlights the role of crystal engineering to rationally design mixed-
linker/rectangular square grid networks and elucidates our studies upon their sorption 
properties. We demonstrate that a new rectangular sql coordination network 
[Co(bipy)(bptz)(NCS)2]n, abbreviated as sql-1,3-Co-NCS, exhibits strong selectivity towards 
all three xylene isomers over EB with high uptake capacities. In fact, a comparative analysis 
of the key performance parameters viz. selectivity of xylene isomers over EB and gravimetric 
uptake reveals that sql-1,3-Co-NCS outperforms physisorbents reported thus far. To the best 
of our knowledge, sql-1,3-Co-NCS is the first adsorbent to exhibit a combination of high 
xylene adsorption capacity (~ 37 wt%) and high xylene selectivity over EB (SOX/EB, SMX/EB, 
SPX/EB > 5). Thanks to the use of mixed-linker guided fine-tuning of pore size and chemistry, 
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this work establishes the importance of crystal engineering the modular class of rectangular sql 
coordination networks to design top-performing C8 sorbents. 
Chapter 3 reports an ultramicroporous sql coordination network. We report efficient 
C2H2/CO2 separation using an ultramicroporous coordination network, [Cu(4,4-(2,5-dimethyl-
1,4-phenylene)dipyridine)2(NO3)2]n (sql-16-Cu-NO3-), a new member of the understudied 
class/family of sorbents of sql topology. sql-16-Cu-NO3- exhibits both flexible and rigid 
behaviour with C2H2 at cryogenic and ambient temperatures respectively. A new type of C2H2 
binding site CH∙∙∙ONO2, in sql-16-Cu-NO3- offers highly selective C2H2/CO2 separation 
performance. sql-16-Cu-NO3- exhibits highly selective C2H2/CO2 separation performance 
offering the combination of a) only the third best experimentally derived equimolar separation 
selectivity for C2H2/CO2 among physisorbents; b) benchmark difference between the C2H2 and 
CO2 adsorption enthalpies at half loading. In situ powder X-ray diffraction, molecular 
modelling studies and their analysis provide insights into the sorption properties and high 
C2H2/CO2 separation performances revealed by sql-16-Cu-NO3-. 
Chapter 4 breaks the existing trade-off between adsorption capacity and selectivity with 
porous materials, which is major roadblock to reducing the energy footprint of gas separation 
technologies. In this regard, we report a family of six new hybrid ultramicroporous materials 
(HUMs) based upon a ligand that enables higher surface area than existing HUMs; strong 
binding sites for C2H2; weak binding for CO2. Only minor structural differences across this 
isostructural family of six HUMs enabled fine-tuning of pore size and pore chemistry. We 
demonstrate that four of the new HUMs, [Ni(pypz)2SiF6]n, SIFSIX-21-Ni; [Ni(pypz)2NbOF5]n, 
NbOFFIVE-3-Ni; [Cu(pypz)2TiF6]n, TIFSIX-4-Cu; and [Cu(pypz)2NbOF5]n, NbOFFIVE-3-
Cu, (pypz: 4-(3,5-dimethyl-1H-pyrazol-4-yl)pyridine) break the aforementioned 
selectivity/capacity trade-off with adsorption capacities ≥ 3.5 mmol∙g-1 and high separation 
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selectivities ≥ 5. SIFSIX-21-Ni is the new benchmark among C2H2/CO2 selective sorbents 
since it combines exceptional separation selectivity (27.7) with high adsorption capacity (4 
mmol∙g-1). In situ infrared (IR) spectroscopy and molecular modelling studies provide insights 
into the acetylene binding sites in this family of HUMs and critically interrogates why they 
differ from those of structurally related HUMs. 
Chapter 5 addresses single-step purification of ethylene (C2H4), by crystal engineering 
of two HUMs, [Ni(aminopyrazine)2(SiF6)]n (SIFSIX-17-Ni) and [Ni(aminopyrazine)2(TiF6)]n 
(TIFSIX-17-Ni). No single physisorbent meets the requisite selectivity required to purify pure 
(> 99.9%) C2H4 from ternary C2-CO2 mixtures (C2H4/C2H2/CO2) under ambient conditions. 
Indeed, both SIFSIX-17-Ni and TIFSIX-17-Ni produce polymer-grade ethylene (> 99.9% 
purity) from a 1:1:1 ternary C2-CO2 mixture. We attribute the observed properties to the 
unusual binding sites in SIFSIX-17-Ni and TIFSIX-17-Ni that offer comparable affinity to 
both CO2 and C2H2, thereby enabling coadsorption of C2H2 and CO2. In situ synchrotron x-ray 
diffraction, in situ IR spectroscopy and computational simulations provide in-depth 
understanding of these binding sites and explains how the amino substitution profoundly 
impacts the prototypal HUM pore environment in the isostructural pyrazine-linked 
SIFSIX-3-Zn. 
Chapter 6 presents a conclusion and explores future potential applications of layered sql 
coordination networks and HUMs to purify commodity chemicals, including HCs. We explain 
how modularity and amenability to crystal engineer sql coordination networks and HUMs, 
make them potential sorbents to enable adsorptive separation and purification of industrially 
and environmentally relevant pure chemicals from the industrial feedstocks during downstream 
processing of mixtures. Our findings provide improved structure-property relationships, key to 
explain how fine-tuning of pore size and pore chemistry will enhance HC separation 
performances. Our studies lead to new design principles which can be further developed in 
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future to generate bespoke sorbents for myriad properties and applications. Relevant lead 
sorbents can be applied to “synergistic sorbent separation technology”, SSST, to enable one-
step purification from ternary and quaternary gas mixtures. This chapter concludes by 
highlighting the yet unaccomplished objectives of sql coordination networks and HUMs, such 
as the formulation of several benchmark sorbents into regular shaped/ sized pellet based fixed-
bed development to translate into higher technological readiness level research and to examine 
the effects of particle size, defects, hierarchical MOMs derived porous solids, composites and 
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Chapter One. Introduction 
1.1 . Industrial separations 
Currently 40% of the energy consumed in the chemical industry is used just for chemical 
commodity separations and purification which represents ca. 15% of the world’s total energy 
consumption.1 The demand for chemical commodities is estimated to increase threefold by 
2050.2 The high energy footprint of commodity purification results from its reliance upon 
energy intensive processes such as solvent extraction, azeotropic and/or fractional distillation, 
cryogenic separation, and chemisorption.3 With increasing demand of energy consumption and 
continual diminishing of renewable resources, new technologies for commodity purification 
are urgently needed.  
1.1.1. Why separation of hydrocarbons (HCs) matters 
Hydrocarbons (HCs) are chemical compounds that are exclusively composed of hydrogen and 
carbon atoms. Based on their chemical nature, HCs can be categorized into alkanes (or 
paraffins), alkenes (or olefins), alkynes and aromatic HCs (or arenes). With ever-increasing 
development of petrochemical industry, HCs have become essential chemical commodities and 
energy resources, which are widely utilized in our daily life.3, 4 Particularly light HCs (LHs), 
C1-C4, are more relevant to fuel gas and petrochemical industry.5 For example, methane, CH4, 
is the main component of natural and shale gases, which is touted as the promising replacement 
for petroleum-based fuels.4 Indeed, ca. 30 % of the global energy production utilized natural 
gas as fuel in 2016,6 and an estimated rise of 45 % in its use is expected by 2040.7 Acetylene, 
C2H2, is combustion fuel in oxy-acetylene torches, and used as feedstock to manufacture vinyl 
and acrylate polymers.8, 9 Ethylene (C2H4) is amongst one of the highest volume products of 
the chemical industry with an estimated annual production of ca. 143 million tons per year in 
201610, 11 and it is widely used as a precursor to the manufacture of polyethylene, ethylene 
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oxide and ethylene chloride.12, 13 Production of propylene (C3H6) is second only to C2H4 with 
worldwide production of 120 million tons in 2017,14 and it is used as an essential building 
blocks for the production of polypropylene.15 Butadiene, C4H6, is primarily used as starting 
material to manufacture synthetic rubbers and elastomers. Branched alkanes (C5-C7), and 
cyclohexane (C6H12) are also industrially relevant, thanks to their great global demand as main 
components to boost the octane ratings of premium gasoline and for synthesis of Nylon-6, and 
Nylon-66, respectively. Aromatic HCs especially, C8 aromatics, p-xylene (PX), m-xylene 
(MX), o-xylene (OX) and ethylbenzene (EB), are important raw chemicals and used as 
precursors for polyethylene terephthalate (PET), polybutylene terephthalate (PBT), isophthalic 
acid, phthalic anhydride, synthomycin and chloramphenicol.4 However, impurities involved 
during the production of these HCs, suggest their further purification to obtain 
polymer/chemical grade raw  materials. For example, raw natural gas contains multiple 
impurities: C2H6  (0-20%), C3H8 (0.1-1.5 %), C4H10 (0.01-0.3 %), CO2 (0-8 %) and N2 (0-5%).
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Figure 1.1. Schematic diagram to show industrial production of C2 LHs and derived 
products from these C2 LHs. (Adapted with permission from ref11 copyright 2020, Royal 




Industrial  specifications require CO2 concentrations < 50 ppm for liquified natural gas, because 
of corrosion and CO2 freezing at 112 K.
17, 18  During production of C2H4 by steam cracking of 
ethane and hydrogenation of acetylene, C2H6 and C2H2 are present as impurities (Figure 1.1). 
 




Figure 1.3. Schematic diagram to show industrial production of C8 aromatics and derived 
products.   
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C2H4 purity of > 99.9 % is required to meet polymer grade specification, with < 2 ppm of C2H2 
and < 200 ppm of ethane and methane.11, 13 C2H2 generates CO2 as an impurity (by-product) 
during its production by partial oxidation from natural gas (Figure 1.1) or downstream thermal 
cracking of HCs.19 C2H2 purity of > 98 % and 99 % are required for its uses as oxy-combustion 
fuel and to meet polymer grade specification, respectively.20 Propyne and propadiene are 
common impurities during production of propylene by steam cracking of natural gas or 
petroleum gas (Figure 1.2).  A general C3H6 purity of > 99.95 % is required to meet chemical 
grade and polymer grade specifications with < 20 ppm of MAPD (methylacetylene and 
propadiene) and < 2 ppm MAPD content, respectively.14 C2 and C3 LHs are primarily 
produced by steam cracking, which is energy-intensive that accounts for ca. 20 % energy usage 
in the chemical industry. C4H6, is generally obtained from C4 LH mixtures during its 
 
Figure 1.4. Comparison of physicochemical properties for a) CO2 and C2 LHs, b) C3 LHs, 




production in petrochemical plants. C4 LH mixtures are primarily consist of 30-60 % C4H6, 
10-30 % iso-butene (i-C4H8), 10-20 % 1-butene (n-C4H8), and 3 to 10 % butane (C4H10).
16 
Cyclohexane coexists with unreacted benzene during its production by hydrogenation of 
benzene.22, 23 C8 aromatics, PX, MX, OX, and EB are obtained as mixtures during their 
production either by pyrolysis gasoline or reformates (Figure 1.3).21, 24 These production 
processes highlight the importance of separation of these HCs from relevant gas/vapour/liquid 
mixtures, but remains challenging because of their similar physicochemical properties (Figure 
1.4). Due to their productions at large scale, separation and purification of HCs is central to 
chemical industry, which represents a major portion of its energy footprint. Therefore, any 
improvements in these industrially relevant separations will reduce a significant amount of 
global energy usage.  
1.1.2. Industrial state-of-the-art in HC separations 
The state-of-the-art for the CO2 removal from natural gas to meet industrial specifications < 50 
ppm, is liquid amine chemisorption. CO2 removal here requires several processing cycles to 
realise liquified natural gas (LNG) purity and hence regeneration of liquid amines is 
needed.18,25 Steam cracking products such as C2H4, and C3H6 are separated by cryogenic 
distillation, which requires extreme conditions: pressure up to 28 bar, temperature below 200 
K, 100+ distillation trays and high reflux ratios to meet the polymer grade-specifications.26, 27 
Similarly, C4H6 is separated from C4 LHs mixture via extractive distillation at 323 to 393 K 
and 3 bar, compounded with very high towers (110+ trays) and extensive use of organic 
solvents.28, 29    Both cryogenic and extractive distillation processes are very energy-consuming 
and environmentally unfriendly. Explosive nature of C2H2 makes its liquification hazardous, 
which restricts its compression above 1.4 bar, therefore, cryogenic distillation is not 
recommended here. The commonly used separation technology to purify C2H2 is selective 
gas-liquid absorption, employing solvents such as N,N-dimethylformamide, N-methyl 
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pyrrolidone, methanol, ammonia and acetone.9 In spite of some advantages of gas-liquid 
absorption over cryogenic distillations, the significantly higher (as compared to ambient 
conditions) operation temperature and pressure contributes to the potential risks due to use of 
hazardous solvents and pressurized C2H2. Gas-liquid absorption processes also cost substantial 
energy and are not environment friendly.9, 30 Also the current cyclohexane/benzene separation 
process, solvent extraction is energy intensive and produce solvent waste.3, 23 Adsorption based 
technologies for purification of branched alkanes, C5-C7, and C8 aromatics by physisorbents 
zeolite 5A and FAU zeolites respectively, offer potential to reduce energy footprint in these 
separation processes. However, zeolite 5A can selectivity adsorb linear hexane only and fails 
to separate di-branched alkanes from mono-branched alkenes. Both zeolite 5A and FAU 
zeolites suffer from limited working capacity and selectivity.31, 32  
In summary, the industrial state-of-the-art for purification of C1-C4 LHs and 
cyclohexane from cyclohexane/benzene mixture, involve energy-intensive separation 
processes and at non-ambient conditions that accounts for ca. 15 % of global energy 
consumption.1 That physisorption-based purification methods for branched, C5-C7 alkanes and 
C8 aromatics, energy-efficient processes, offer potential to reduce energy footprint and are 
environmental friendly. Therefore, industrial and research community have been working 
towards the development of new physisorbents and physisorption-based separation 
technologies for purification of HCs, since last two decades to address the energy footprint 
caused by traditional separation process that is urgently needed.  
1.2. Metal-organic materials 
Metal-organic materials (MOMs),33 including metal-organic frameworks (MOFs),34 and 
porous coordination polymers (PCPs)35 are an emerging class of physisorbents, and have been 
widely touted as energy-efficient alternatives for purifications of HCs, thanks to their easy 
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regenerability, high working capacity, and high selectivity etc.36 MOMs have been immensely 
attracted to the scientific and research community and studied for gas storage,37, 38 gas 
separation,39 sensing,40 catalysis,41, 42 and drug delivery,43 thanks to their permanent porosity 
and structural tunability. One of the foundations for the current development of MOMs traces 
back to seminal works by A. F. Wells who introduced “node and spacer” to simplify the 
interpretation of inorganic crystal structures.44-46 That MOMs, self-assembled from single 
metal or metal cluster (molecular building block, MBB;47 as ‘node’) and multifunctional 
ligands (‘spacer’) are amenable to design with predictable topologies, square lattice (sql),48 
primitive cubic (pcu),49 diamondoid (dia),50 and twisted boracite (tbo).51 Appropriate choice 
of MBBs and ligands enables systematic variation of pore size and pore chemistry of MOMs 
via crystal engineering, which further affords valuable insights into the structure-property 
relationships and therefore bespoke materials can be designed for target 
applications/properties.  
1.2.1. Crystal engineering: bottom-up design approach 
Crystal engineering is the field of chemistry that studies the design, properties and applications 
of crystals.52 The term ‘crystal engineering’ was coined by Pepinsky in 1955.53 The utility of 
crystal engineering was first implemented by G. M. J.  Schmidt by introducing the 
topochemical principle to conceptualise solid-state photodimerisation reactions. Schmidt also 
suggested that there are at least “four concurrent and connected phases of crystal engineering:54 
1. Experimental determination of crystal structure and correlation with properties – the 
phase of the topochemical principle; 
2. Establishing the limits of the topochemical principle; 
3. Development of empirical rules; 
4. Systematic solid-state (photo) chemistry.” 
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Crystal engineering had reached phase 3 in context of photochemistry by 1970, but concepts 
of crystal engineering were yet to be applied to coordination networks until late 1980s.  
Parallelly, the late 1980’s saw the significant growth in the development of crystal engineering 
concepts to organic molecular crystals, when Desiraju,55 Ermer,56 and Etter57 introduced the 
concepts of graph sets and supramolecular synthons,57, 58 i.e. “phase 3” crystal engineering. In  
1988, Ermer reported the structure of adamantane-1,3,5,7-tetracarboxylic acid, a five-fold 
interpenetrated dia network, considered as the prototypal self-assembled network structure of 
dia topology.56 Around the same time, in early 1990’s, Robson extrapolated Wells’ work on 
inorganic network structures into realm of MOMs and introduced the “node-and-linker” 
approach59, 61 to design dia,50 sql,48 and pcu49 networks.  The coordination network design 
strategy where a metal, metal cluster or MBB with three or more connections (nodes) linked 
by ligands (linkers) with two connections (Figure 1.5), serves as blueprint for the rational 
 




have been omitted for clarity; colour codes: grey = C, blue = N, red = O, white = H, dark 
cyan = metal cation, golden sphere = potential void). (Adapted with permission from ref;60 




construction of MOMs. That “node-and-linker” design strategy lead to the construction of 
100,000+ MOMs (2020.3 CSD release),62 thanks to the existing library of diverse MBBs and 
linker ligands, out of which ca. 10,000 MOMs could potentially exhibit permanent porosity.11,63 
The potential utility of permanent porosity motivated scientific community to design MOMs 
with extra-large surface areas. In 1999, Williams and Yaghi reported first two examples of 
extra-large gravimetric surface area MOMs: HKUST-151 (HKUST = Hong Kong University 
of Science & Technology) [Cu3(1,3,5-benzenetricarboxylate)2]n, ca. 1900 m
2g-1; MOF-564 
[Zn4O(1,4-benzenedicarboxylate)3]n, ca. 3800 m
2g-1. Further with systematic variation of 
linker length (pore size) and fine tuning its functionality (pore chemistry) via crystal 
engineering enabled MOMs to be the potential candidates for separation and purification of 
HCs.5, 36 The crystal engineering discussed above relies on bottom-up design principles, is not 
same as “engineering crystals” (control/variation of crystal size and morphology), which also 
has been progressed in past 10-15 years. The microporous MOMs (pore size < 2.0 nm), in 
particular ultramicroporous materials (pore size < 0.7 nm) have emerged as benchmark MOMs 
for HC separations and purification, especially C1-C3, thanks to its strong sorbent-sorbate 
interactions enabled by right pore size/chemistry.11, 15, 60 More recently, sql coordination 
networks, an underexplored class of MOMs with respect to sorption properties, are emerging 
as promising candidates for HC purification.  
 
 
Figure 1.6.  An illustration to show accodomation and intercalation of guest molecules 




1.2.2. Square lattice (sql) coordination networks 
Square lattice (sql) topology coordination networks represent particularly simple and 
commonly reported (45.09 %)65 examples of 2D MOMs. sql coordination networks are based 
on four connected metal centres, incorporating linear bifunctional linker ligands (Figure 1.5). 
Since their first reports using cyano ligands,66-69  sql coordination networks have been 
expanded in terms of their cavity size and pore functionality to include pyrazines (pyr),70-72 
4,4′-bipyridine (bpy)59, 72-75 and longer analogues of bpy.75, 76 The cavities lie within the plane 
of these coordination networks (Figure 1.5) are suitable for interpenetration or enclathration of 
guest molecules. If not interpenetrated, sql coordination networks can accommodate guest 
molecules within its pore and/or intercalate between its layers, a manner similar to that of clays 
(Figure 1.6). The prototypal non-interpenetrated bpy based sql coordination network, 
{[Cd(bpy)2(NO3)2]∙guest}n
48 was reported by Fujita in 1994. {[Cd(bpy)2(NO3)2]∙guest}n 
represents a family of sql coordination networks with general formula, {[M(L)2(A)2]∙x guest}n, 
where M denotes octahedral metal nodes; A, counter anions; and L, linker ligands. In the 
 
Figure 1.7.  Schematic representation to show gate sorption behaviour in a layered sql 





context of sorption properties, [Cu(bpy)2(BF4)2]n, commonly known as ELM-11 (ELM = 
Elastic Layer-structured MOF) was found to exhibit  “gate sorption” or switching behaviour 
for CH4, CO2, C2H2, N2, O2 and n-butane at different temperatures and pressures.
77, 79-82  Guest 
induced phase transformation, switching from nonporous (closed) to porous (open) phase 
(Figure 1.7), was observed to be responsible for novel adsorption behaviour in ELM-11. 
Recently, our group reported that [Co(bpy)2(NCS)2]n (sql-1-Co-NCS) can behave as a 
switching adsorbent layered material (SALMA), because of its recyclable switching behaviour 
induced by CO2 at 195 K (Figure 1.8a).  sql-1-Co-NCS exhibits switching or Type F-IV
83 
isotherms with moderate hysteresis at different temperatures. The saturation uptake was found 
to be fixed with gate opening pressures at 27, 15, 10, 7.1 and 4.0 bar at 298, 283, 273, 268 and 
 
Figure 1.8.  Sorption isotherms for sql-1-Co-NCS: a) CO2 and N2 at 195 K and 77 K 
respectively, b) high pressure sorption isotherms collected at 298, 283, 273, 265 and 253 K; 
layer packing arrangements in sql-1-Co-NCS: c) closed (non porous) phase, d) CO2-loaded 




253 K, respectively (Figure 1.8b). The switching behaviour observed in sql-1-Co-NCS was 
rationalised by CO2 induced phase transformation, where closed phase with interlayer 
separation of 4.46 Å increased by 20.9 % to 5.39 Å upon introduction of CO2 to transform into 
CO2-loaded (open) phase (Figures 1.8c and 1.8d).
78  Despite these promising results, layered 
sql coordination networks remain underexplored in terms of their sorption properties.   
Switching behaviour of sql coordination networks can be utilized in separations, where 
one component can selectively open the framework at lower pressure region compared to other 
components or the other components couldn’t induce transition to an open phase (Figure 
1.9).84,85 sql coordination networks that exhibit permanent porosity after guest removal, 
characterised by type I isotherms, can behave as rigid sorbents for separations. 
1.2.3. HC separations by sql coordination networks in chronological order 
Gate sorption behavior in sql coordination networks has been known since 2006.77 However 
this novel sorption behavior couldn’t be realised in HC separations until 2012. Interest in the 
utility of sql coordination networks for HC separations is a relatively recent phenomenon and 
has rapidly grown since 2015 (Figure 1.10). In 2012, Xiao-Ming Chen and coworkers reported 
[Ni(bdc)(bphy)]n (H2bdc = 1,4-benzenedicarboxylic acid, and bphy = 1,2-bis(4-
Figure 1.9.  Schematic representations to show separation by switching layered materials. 
13 
 
pyridyl)hydrazine) that exhibited gate sorption behaviour for CO2 with high uptake versus 
negligible uptake for CH4 to enable high CO2/CH4 selectivity.
86 Jinping Li and his group 
studied the previously reported ELM-11 for CO2/CH4 separation in 2015.
85 In the context of 
natural gas purification, our group in collaboration with J.-P. Zhang reported 
[Cu(quinoline-5-carboxyate)2]n  (Qc-5-Cu-sql-) that selectivity adsorbed CO2 while 
excluding CH4 via size-selective sieving in 2016.
87 
ELM-11 was further studied for C2H2/C2H4 separation along with another member of 
this family, [Cu(bpy)2(CF3BF3)2]n (ELM-13) to exhibit discriminatory gate sorption behaviour 
for C2H2 versus C2H4 in 2016.
82  Banglin Chen and co-workers extended the utility of 
discriminatory gate sorption behaviour in sql coordination networks for various C2-C3 
separations. They reported [Zn(SiF6)(dps)2]n (UTSA-300a, dps = 4,4'-dipyridylsulfide) for 
C2H2/CO2 and C2H2/C2H4; ELM-12 for C2H2/C2H4 and C3H4/C3H6 separations in 2017.
14, 88, 89 
Further in 2020, they reported Cu analogue of UTSA-300a, [Cu(SiF6)(dps)2]n (NCU-100) to 
improve the C2H2/C2H4 separation performance by optimizing pore space.
91 Same year, Qiwei 
Yang and his group reported [Cu(GeF6)(dps)2]n (GeFSIX-dps-Cu) by replacing inorganic 
linker ligand SiF6
2‒ in UTSA-300a by GeF6
2‒ to enable molecular sieving for C2-C3 
separations: C2H2/C2H4 and C3H4/C3H6.
92 C2H6 selective sorbents offer the advantage over 
 
Figure 1.10.  Chronology of the key developments in crystal engineering of sql coordination 




C2H4 selective sorbents for C2H4 production, thanks to the single-step adsorption process that 
replace the energy penalty incurred for the regeneration process by C2H4 selective sorbents. In 
this context, Banglin Chen and co-workers studied the previously reported Qc-5-Cu-sql- for 
C2H6/C2H4 separation in 2018.
90 
Although, sql coordination networks and their gate sorption behavior have been attracted 
to scientific community for C1-C3 separations during past decade, these layered coordination 
networks remain understudied for C4-C8 separations. In this context, our group reported 
sql-1-Co-NCS, a SALMA to exhibit high adsorption capacity and selectivity for OX from C8 
 
Figure 1.11.  a) Schematic illustration to show modularity of pillared sql nets that forms 
HUMs (pcu nets) via control over pore size/chemistry. b) Classifications of porous sorbents 




aromatics. sql-1-Co-NCS was observed to exhibit high adsorption capacity (> 80 wt%) and 
benchmark OX selectivity (SOX/EB ~ 60).
84 
1.2.4. Hybrid ultramicroporous materials (HUMs) 
Hybrid ultramicroporous materials (HUMs) are generally considered as sql coordination 




2‒) to form pcu topology networks (Figure 1.11a). The term ‘HUMs’ was coined by 
our group in 201593 that represents a unique class of MOMs through a combination of right 
pore chemistry (strong electrostatics by inorganic dianions) and pore size (ultramicropores < 
0.7 nm, provide high density of tight binding sites) (Figures 1.11a and 1.11b). The foundation 
of current developments of HUMs trace back to our report of a hybrid microporous (0.8 x 0.8 
nm) material, [Zn(bpy)2(SiF6)]n (SIFSIX-1-Zn) in 1995, constructed by design using an 
appropriate node and linkers.49 Later Uemura and co-workers reported its ultramicroporous 
(0.4 x 0.4 nm) variant, [Zn(pyr)2(SiF6)]n (SIFSIX-3-Zn, Figure 1.13a) in 2009 and studied the 
adsorption properties of SIFSIX-3-Zn for H2, N2, MeOH, EtOH, isopropyl alcohol, and 
acetone.94 SIFSIX-3-Zn was further studied by our group in 2013 for CO2 separation that 
exhibited selectivity of ca. 2500 for CO2 over N2 across the full range of loading, i.e. an order 
of magnitude higher than the previous benchmark physisorbents, zeolite 13X and 
Mg-MOF-74.95  
A library of diverse linker ligands (Figure 1.12) enabled HUMs to expand into five 
platforms with pcu and mmo topologies based upon pillar anions. HUM platforms with pcu 
topology are: MFSIX (hexafluorometallate pillars, e.g. SiF6
2‒, TiF6
2‒ etc.), DICRO (Cr2O7
2‒ 
pillars), FOXY (MOxF6-x
2- pillars, e.g. NbOF5
2‒), and M'FFIVE (pentaflourometallate pillars, 
e.g. AlF5
2‒). The oxyanions CrO4
2−, MoO4
2− and WO4
2− served as angular pillars to afford 
HUMs with novel 6-connected (6-c) uninodal topology, mmo. HUMs with mmo topology, 
16 
 
[M(bpe)2(M'O4)]n (M = Co or Ni; bpe = 1,2-bis(4-pyridyl)ethene; M′= Mo or Cr), that form the 
isostructural family MOOFOUR-1-Ni, MOOFOUR-1-Co, CROFOUR-1-Ni, and 
CROFOUR-1-Co, were reported in 2012.96 The tetrahedral M′O4 pillars play a key role in 
directing the mmo topology via cross linking of M′O4 pillars with self-catenated sql nets, 
comprised of octahedral metal centres and organic linker ligands in angular fashion, in way 
that a helix of alternating 6-c saturated metal centres and M′O4 pillars propagate along c-axis 
(Figure 1.13b). [Ni(bpe)2(WO4)]n, WOFOUR-1-Ni, was reported in 2013 and its CO2 affinity 
was compared with previously reported isostructural HUMs, MOOFOUR-1-Ni and 
CROFOUR-1-Ni.97 Network interpenetration was once considered undesirable for porous 
 
Figure 1.12.  Library of linker ligands used for developments of five platforms of HUMs: 
a) MFSIX, b) mmo, c) DICRO, d) FOXY, and e) M'FFIVE. Note: all linker ligands didn’t 
generate ultramicroporous materials; numbers assigned to linker ligands follow the 
chronology of their developments.  (Reproduced including some updates with permission 




materials.98, 99 However, interpenetration can also result in optimal binding sites and 
exceptional sorption performance as exemplified by SIFSIX-2-Cu-i in 2013. [Cu(dpa)2(SiF6)]n 
(SIFSIX-2-Cu-i, dpa = 1,2-bis(4-pyridyl)acetylene), the parent interpenetrated HUM (Figure 
1.13c), exhibited exceptional sorption performance compared its non-interpenetrated 
polymorph, SIFSIX-2-Cu.95 Further, our group expanded the library of interpenetrated HUMs 
using long inorganic pillar anion i.e. Cr2O7
2‒.93 A family of interpenetrated HUMs represented 
by DICRO-3-M-i [M(apy)2(Cr2O7)]n (apy = 4,4′-azopyridine, M = Zn
2+, Co2+, Ni2+, Cu2+ ) 
were reported in 2016, using crystal engineering (Figure 1.13d).100 The same year, Eddaoudi 
and his group reported [Ni(pyr)2(NbOF5)]n (NbOFFIVE-1-Ni), the prototypal example of 
FOXY platform (Figure 1.13e) and studied it for direct air capture of CO2.
101 A year after they 
reported two isostructural HUMs, [Ni(pyr)2(M'F5)]n (M'FFIVE-1-Ni, M' = Al
3+ or Fe3+) with 
 
Figure 1.13.  Crystal structures to exemplify five platforms of HUMs inclduing MFSIX-i: 
a) SIFSIX-3-Zn, b) MOOFOUR-1-Ni, c) SIFSIX-2-Cu-i, d) DICRO-3-Ni-i, e) 
NbOFFIVE-1-Ni (axial positions of F and O couldn’t be distinguished crystallographically, 
and f) AlFFIVE-1-Ni. (Color codes: grey = C, blue = N, red = O, green = F, orange = Si, 




open metal sites (Figure 1.13f) and studied them for energy-efficient dehydration of natural 
gas.102  
1.2.5. HC separations by HUMs in chronological order 
Interest in the utility of HUMs for HC separations, especially C1-C4 LHs, has grown 
exponentially over the past decade (Figure 1.14).   In 2013, SIFSIX-3-Zn and SIFSIX-2-Cu-i 
were studied for CO2/CH4 separation, which is relevant to natural gas upgrading. The reported 
CO2/CH4 selectivity for SIFSIX-3-Zn, was comparable to that of amine-functionalized MOFs 
and amine bearing mesoporous silica, particularly at low CO2 partial pressure and also 
outperformed Mg-dobdc, UTSA-16 and zeolite 13X.95 Later in 2019, [Ni(pyr)2(TiF6)]n 
(TIFSIX-3-Ni), an isostructural variant of SIFSIX-3-Zn, exhibited new benchmark CO2/CH4 
selectivity and fast kinetics to enable one-step LNG processing to CO2 levels of 25 ppm.
103 
Precise control over pore size and pore chemistry enabled “Yin-Yang” separation of CO2 
and C2H2 in two closely related HUMs, [Ni(pyr)2(SiF6)]n (SIFSIX-3-Ni) and [Cu(dpa)2(TiF6)]n 
(TIFSIX-2-Cu-i) in 2016.105 In the same year, SIFSIX-2-Cu-i was further studied for 
C2H2/C2H4 separation and delivered record-high acetylene adsorption selectivity over 
ethylene.104 In 2017, another variant in MFSIX-i platform, SIFSIX-14-Cu-i (also termed as 
UTSA-200a), where dpa (9.6 Å) was replaced by shorter linker ligand apy (9.0 Å), enabled 
 
Figure 1.14.  Chronology of the key developments in crystal engineering of HUMs for HC 




molecular sieving effect for C2H2 over C2H4.
107 The effect of pore size observed here will be 
extensively discussed in section 1.4.  Molecular sieving was also observed for C3H6/C3H8 
separation by NbOFFIVE-1-Ni in 2016.106 In the context of C3 LH separations, Huabin Xing 
et al. reported [Cu(dpa)2(NbOF5)]n (NbOFFIVE-2-Cu-i) for simultaneous removal of propyne 
and propadiene from propylene in 2018.110 The same year, Banglin chen and co-workers 
reported [Ni(pyz-NH2)2(SiF6)]n (SIFSIX-17-Ni, pyz-NH2 = 2-aminopyrazine, also known as 
ZJUT-1a), an amine functionalised variant of SIFSIX-3-Ni, to separate propyne from the 
mixture of propyne and propylene.109 Molecular sieving effect by HUMs was further extended 
to separate C4 LHs. In 2017, Huabin Xing et. al. reported three chemically/structurally related 
HUMs [Cu(dpa)2(GeF6)]n (GeFSIX-2-Cu-i), [Cu(dpa)2(NbF6)]n (NbFSIX-2-Cu-i), and 
[Cu(apy)2(GeF6)]n (GeFSIX-14-Cu-i) for sieving of C4H6/n-C4H8, C4H6/i-C4H8, and 
n-C4H8/i-C4H8, through combination of molecular recognition and size-sieving effect.
108 
The discovery of sorbate-specific HUMs, that cover a range of sorbates (especially 
C1-C4 LHs) for trace removal of impurity, has been widely focused on binary gas mixture. 
Now it is time to focus on multi-component gas mixture to remove industrially relevant 
multiple minor impurities.  In principle, a single sorbent could simultaneously remove these 
multiple minor impurities, but it would require high selectivity for the desired sorbates versus 
others. Recently our group through a collaboration with K. J. Chen reported an alternative 
approach, termed as “synergistic sorbent separation technology” (SSST) to enable one-step 
C2H4 production from ternary (C2H2/C2H6/C2H4) or quaternary (CO2/C2H2/C2H6/C2H4) gas 
mixtures. SSST approach introduced a series of custom sorbents, each sorbent highly selective 
for one of the impurities in the gas mixture, in a packed bed. For example, two HUMs 
TIFSIX-2-Cu-i and SIFSIX-3-Ni for trace removal of C2H2 and CO2 respectively and an 
ultramicroporous sorbent Zn-atz-ipa for C2H6 removal, were packed in a single dynamic 
column breakthrough (DCB) setup to enable one-step C2H4 production.
111   
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1.3. Selective sorbents for HC separations classified by guest type 
Whereas sections 1.2.3 and 1.2.5 highlights the chronological developments for sql 
coordination networks and HUMs for HC separations, there are many more MOMs and other 
sorbents that have been reported for these industrially relevant separations. HC separation 
performance of many of the reported sorbents are estimated based upon their single-component 
isotherms i.e., indicative rather than confirmative. Therefore, mixed-component based 
separation are needed to mimic the real-world conditions. Section 1.3 tabulate the selected 
sorbents which have been exclusively studied for HC separations experimentally under 
dynamic conditions (e.g. dynamic column breakthrough, DCB; gas chromatography, GC 
experiments). The presented tables in this section also include the sorbents which have been 
studied for vapour/liquid mixtures and further analysed by GC and/or nuclear magnetic 
resonance (NMR) spectroscopy.  No attempt is made to discuss and analyse the data presented 
in this section. Section 1.4 focusses upon structural analysis and chemical driving forces for 
selective HC separations to enable crystal engineering to find optimal binding sites and/or 
mechanism to further enhance the selectivity and separation performance.  
1.3.1. C1 separation:  
Table 1.1. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for CO2/CH4 separation in various CO2 selective sorbents, arranged in 










CO2/CH4 uptake at 



































































531c 1.94/0.45 33.8 20h DCB 298 115 
NH2‐MIL‐
53(Al), 3D 
NMf NAj 1.45/0.08 NMf 18h DCB (45) 303 116 












222d 2.16/0.06 36 3300h DCB 293 87 
aSurface area calculated from Brunauer–Emmett–Teller (BET) theory: bbased on 298 K CO2 adsorption isotherm, 
cbased on 77 K N2 
adsorption isotherm, and dbased on 195 K CO2 adsorption isotherm;
 etemperature at which the separation performance is studied; fnot 
mentioned; gIAST selectivities for 1:99 (v/v) CO2/CH4 at 1 bar; 
hIAST selectivities for 1:1 (v/v) CO2/CH4 at 1 bar; 
iuptake at 30 bar; jnot 
applicable because of steps in adsorption isotherm. kcalculated for 6:94 (v/v) CO2/CH4; DCB: Dynamic column breakthrough experiment, 










1.3.2. C2 separations: 
Table 1.2. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for C2H2/CO2 separation in various a) C2H2 selective sorbents b) CO2 selective 
sorbents, arranged in descending order of selectivities.11  










uptake at 1 














UTSA-300a, 2D 2.4 × 3.3 311 3.3/0.2 57.6 103 b DCB 298 89 
ZJU-74a, 3D 3.6 × 3.8 64 3.83/3.08 44.5 36.5b DCB (4.3) 298 118 
NKMOF-1-Ni, 
3D 
5.7 × 5.7 382 2.7/2.3 60.3 30b DCB (2.6) 298 119 
ZJU-196, 3D 5.1 × 5.1 NMc 3.7/0.4 39.2 25d DCB 298 120 
FeNi-M’MOF, 
3D 
4.15 × 4.27; 
3.94 × 4.58 
383 4.29/2.72 27 24b DCB (1.7) 298 121 
[Ni3(HCOO)6]n, 
3D 
4.3 × 4.3 289 2.4/1.6 40.9 22b DCB 298 122 
DICRO-4-Ni-i, 
3D 
6.2 × 6.6 398 1.9/1.0 37.7 18.2d DCB (13g) 298 123 
TCuCl, 3D 3.69 × 3.69 167 3.0/2.0 41 16.9b DCB (143.1) 298 124 
MIL-100(Fe), 3D 5.5 × 8.6 2300 5.3/2.5 65 12.5d DCB (1.9g) 298 125 
TIFSIX-2-Cu-i, 
3D 
5.1 × 5.1 685 4.1/4.3 46 10d DCB (50g) 298 105 
JCM-1, 3D 12.5 × 3.9 550 3.3/1.7 36.9 10b DCB (4.4) 298 126 
ZJUT-2a, 3D 3.2 × 3.2 350 3.4/2.2 41.5 10b DCB 298 127 
TCuBr, 3D 3.59 × 3.59 173 2.8/2.0 36.6 9.5b DCB (104.5) 298 124 
UTSA-74a, 3D 8.0 × 8.0 830 4.8/3.2 31 9b DCB (20.1) 298 128 
SNNU-150-Al, 
3D 
8.5f NMc 4.33/1.98 29 7.27b DCB (1.97) 298 129 
FJU-22a, 3D 7.1 × 7.1 828 5.1/5.0 23 7.1e DCB (1.9) 298 130 
NTU-55, 3D 10.4f 2300 6.05/3.13 25 6.6e DCB 298 131 
MUF-17, 3D 4.7 × 4.8 247 2.7/2.2 49.5 6b DCB 298 132 
ZJNU-13, 3D 6.8f, 11.8f 1352 5.28/3.92 33.5 5.64b DCB (1.8) 298 133 
TCuI, 3D 3.66 × 3.66 250 2.2/1.6 38.4 5.3b DCB (33.4) 298 124 
UPC-110, 3D 6f 1384.3 3.27/1.08 24.6 5.1b DCB 298 134 
JXNU-5, 3D 4.6f, 6.7f 406 2.5/1.55 32.9 5b DCB (9.9) 298 135 
SNNU-45, 3D 4.5 1006 5.98/4.33 40 4.5b DCB (2.9) 298 136 
FJU-89a, 3D 12 × 8 774 4.53/2.73 31 4.3b DCB (3) 296 137 
FJU-90a, 3D 5.4 × 5.1 1572 8.0/4.6 25.1 4.3b DCB 298 138 
mot-Cu(Br-BDC) 
MOF, 3D 
4.2 × 4.7; 12 
× 24.1 
303 1.53/1.08 26.1 3.9b DCB (2.8) 298 139 





NMc 551 3.03/1.61 29 3.9b DCB 273 141 
UPC-200(Al)-F-
BIM, 3D 
7 × 11 2212.8 6.2/2.5 20.5 3.15b DCB 298 142 
JNU-1, 3D 16.3 × 6.6 818 2.7/2.2 13 3b DCB 298 143 
Cu-tztp MOF 1a, 
3D 
5.4-8.6f 798.9 5.02/3.35 38.3 2.7b DCB (2.3) 298 144 
atemperature at which the separation performance is studied; bIAST selectivity at 1 bar for 1:1 (v/v) C2H2/CO2; 
cnot mentioned; dC2H2/CO2 
uptake ratio at 0.5 bar; eIAST selectivity at 0.15 bar for 1:1 (v/v) C2H2/CO2;
 fdetermined from Horvath–Kawazoe method applied on 77 K N2 
isotherm; gcalculated for 10:5:85 (v/v) C2H2/CO2/He at 1 bar; SBET = Surface area calculated form Brunauer–Emmett–Teller (BET) theory 
based on 77 K N2 isotherm, unless otherwise mentioned; DCB: Dynamic column breakthrough experiment, separation factor calculated for 
1:1 (v/v) C2H2/CO2 at 1 bar, unless otherwise mentioned. 










uptake at 1 














Cd-NP, 3D 3.2 x 3.2 305d 2.6/0.4 27.7 85b DCB 298 
145 
Tm(OH-bdc), 3D 
6.3 x 9.3;  
6.3 x 10.6 
923 5.8/2.0 45.2 17.5c DCB 298 
146 
CD-MOF-2, 3D 
4.2 x 4.2, 
7.8 x 7.8 
(windows); 
17 x 17 
(cage) 




3.3 x 3.5 535e 2.1/0.3 29 8.8b GC 273 
148 
SIFSIX-3-Ni, 3D 4.2 x 4.2 368 2.7/3.3 50.9 7.7b DCB (90f) 298 105 
CD-MOF-1, 3D 
4.2 x 4.2, 
7.8 x 7.8 
(windows); 
17 x 17 
(cage) 
1094 2.9/2.2 41.0 6.6c DCB 298 147 
atemperature at which the separation performance is studied; bIAST selectivity at 1 bar for 1:1 (v/v) CO2/C2H2;
 cIAST selectivity at 1 bar for 
1:2 (v/v) CO2/C2H2; 
dcalculated from 273 K CO2 adsorption isotherm;
 ecalculated from 195 K CO2 adsorption isotherm; 
fcalculated for 10:5:85 
(v/v) CO2/C2H2/He at 1 bar; SBET = Surface area calculated form Brunauer–Emmett–Teller (BET) theory based on 77 K N2 isotherm, unless 







Table 1.3. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for C2H2/C2H4 separation in various C2H2 selective sorbents, arranged in 













































503 4.02/2.19 52.9 
44.54b, 
41.01c 




































205 1.75/0.44 28.6 14.71c 










970 4.27/1.66 22 
10.72b, 
19.55c 




1178 8.5/4.11 30/37 
10.63b, 
8.37c 






577 3.4/2.53 29 10b, 8.8




250 3.64/2.24 21/31 
8.82b, 
13.72c 
























523 3.01/1.84 31.3 6b DCB 298 153 








368 3.3/1.75 20.5 5.03b, 5.98c DCB 298 104 












































atemperature at which the separation performance is studied; bIAST selectivity for 1:99 (v/v) C2H2/C2H4 at 1 bar; 
cIAST selectivity for 
1:1(v/v) C2H2/C2H4 at 1 bar; 
dIAST selectivity for 1:99 (v/v) C2H2/C2H4 at low C2H2 loading; 
edetermined from Horvath–Kawazoe method 
or non-local density functional theory applied on 77 K N2 isotherm; 
fnot defined pore size due to post-synthetic metalation; gIAST 
selectivities are qualitative, due to molecular sieving; hnot mentioned; iuptake ratio for C2H2/C2H4 (0.1/0.9); 
jseparation factor for 
C2H2/C2H4 (1/99); 
kseparation factor for C2H2/C2H4 (1/1); 
lseparation factor for C2H2/C2H4 (10/90). SBET = Surface area calculated form 
Brunauer–Emmett–Teller (BET) theory based on 77 K N2 or 196 K CO2 isotherms, unless otherwise mentioned; DCB: dynamic column 






Table 1.4. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for C2H6/C2H4 separation in various C2H6 selective sorbents, arranged in 











uptake at 1 

































































































1580 3.8/2.9 27.3 1.5c DCB 298 
172 



























890 3.7/3.4 29 1.2c DCB 298 
176 
atemperature at which the separation performance is studied; bpore size measured from the reported crystal structures; cIAST selectivity for 
1:1 (v/v) C2H6/C2H4 at 1 bar;
 dnot mentioned; epore limiting diameter; flargest pore opening; gIAST selectivity for 1:9 (v/v) C2H6/C2H4 at 1 
bar; hIAST selectivity for 1:15 (v/v) C2H6/C2H4 at 1 bar. 
iseparation factor for C2H6/C2H4 (1/1). SBET = Surface area calculated form 










1.3.3. C3 separations  
Table 1.5. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for C3H4/C3H6 separation in various C3H4 selective sorbents, arranged in 




















































































































382 3.7/0.08 NMj 46.2h DCB (82.1i) 298 92 
atemperature at which the separation performance is studied; bIAST selectivity for 1:999 (v/v) C3H4/C3H6 at 1 bar;
 cIAST selectivity for 
1:99 (v/v) C3H4/C3H6 at 1 bar; 
dcalculated IAST selectivity is qualitative because of molecular sieving; epore size determined from 196 K 
CO2 adsorption isotherm; 
fcalculated from 195/196 K CO2 adsorption isotherm; 
gcalculated binding energy; hupate ratio for 1:1 C3H4/C3H6 
at 1 bar. jnot mentioned.  iseparation factor for C3H4/C3H6 (1/1). SBET = Surface area calculated form Brunauer–Emmett–Teller (BET) theory 
based on 77 K N2 isotherm, unless otherwise mentioned; DCB: Dynamic column breakthrough experiment. 
 
Table 1.6. Summary of the physicochemical properties, sorption data, experimental technique, 
and conditions for C3H6/C3H8 separation in various C3H6 selective sorbents, arranged in 






































1247 7.3/5.4 49e 46c 





































427j 2.0/0.0k 50 NMd DCB 298 190 
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atemperature at which the separation performance is studied; bkinetic selectivity for 1:1 (v/v) C3H6/C3H8 at 1 bar;
 cIAST selectivity for 1:1 
(v/v) C3H6/C3H8 at 1 bar; 
dnot mentioned; ecalculated binding energy; fseparation factor calculated from gas permeation experiments for 
1:1 (v/v) C3H6/C3H8 at 1 bar; 
gseparation factor calculated from breakthrough curves for 1:1 (v/v) C3H6/C3H8 at 0.25 kPa. 
hseparation factor 
calculated from breakthrough curves for 1:1 (v/v) C3H6/C3H8 at 1 bar; 
icalculated from 298 K CO2 adsorption isotherm; 
jcalculated from 
195 K CO2 adsorption isotherm; 
kno uptake. SBET = Surface area calculated form Brunauer–Emmett–Teller (BET) theory based on 77 K 
N2 isotherm, unless otherwise mentioned; DCB: Dynamic column breakthrough experiment. 
 
1.3.4. C4-C7 separations  
Table 1.7. Summary of the physicochemical properties, sorption data, experimental technique, 
conditions and uptake ratio for C4H6, n-C4H8, i-C4H8 in various C4H6 selective sorbents, 












C4H8 uptake at 1 
bar, mmol g-1 
















































467d 3.67/3.3/1.25 1.12 2.94 2.26 DCB 298 108 
atemperature at which the separation performance is studied; bnot mentioned; cdata derived from breakthrough experiments; dcalculated 
from 196 K CO2 adsorption isotherm. SBET = Surface area calculated form Brunauer–Emmett–Teller (BET) theory based on 77 K N2 





Table 1.8. Summary of the sorption data, experimental technique, conditions, and uptake ratio 
for benzene/cyclohexane separation in various benzene selective sorbents, arranged in 














Mn-MOF-74, 3D 9.38/0.25b 37.5 13C NMR 298 192 
Cu-1-NO3, 2D 1.7/~ 0.09c 18.9 13C NMR 298 193 
CID-23, 2D 1.2/0.09d 13.3 1H NMR 298 194 
LiZn-bdc-bpy, 3D 2.89/0.23e 12.6 1H NMR 298 195 
DAT-MOF-1, 2D 1.51/0.18f 8.4 13C NMR 298 196 




Mn-TCNQ-bpy, 3D 3.7 /1.7g 2.2 1H NMR 298 198 
Negligible uptake for cyclohexane: 
[Cu(terpy)(I)]n, 2D 2.77/~ 0f NAi 1H and 13C NMR 298 199 
[Cu(bpp)2(BF4)2]n, 1D 11/~ 0
h NAi GC 298 
 
200 
atemperature at which the separation performance is studied; buptake at 12.5 kPa and 298 K; cuptake at P/P0 ~ 0.95 and 298 K; 
duptake at 
10 kPa and at 298 K; euptake at P/P0 ~0.78; 
fuptake at P/P0 ~0.9 and 298 K; 
guptake at P/P0 ~1 and 298 K; 
huptake at P/P0 ~1 and 283 K; 
inot applicable due to negligible relative uptake for cyclohexane at saturation pressure. GC: gas chromatography; NMR: nuclear magnetic 
resonance spectroscopy. 
 
Table 1.9. Summary of the sorption data, experimental technique, conditions and selectivities 
for hexane isomers, n-hexane (nHEX); 3-methylpentane (3MP); and 2,2-dimethylbutane 


























Fe-MOF, 3D 0.79 0.58 0.43 27.83 8.66 3.82 DCB 303, 0.1 
20
1 






















ZIF-8, 3D 2.33 
NM
b 





0.66 0.05 0.03 NMb NMb NMb DCB 373, 0.06 
20
3 
aconditions at which the separation performance is studied; bnot mentioned. DCB: Dynamic column breakthrough experiment. 
 
1.3.5. C8 separations  
Table 1.10. Summary of separation performance of OX selective sorbents, arranged in 
descending order of selectivities).84 
Adsorbent, network 
dimensionality (nD) 
Uptake (wt %) Selectivity Experimental 
technique 
Ref 
OX MX PX EB OX/MX OX/PX OX/EB 
sql-1-Co-NCS, 2D 87.0 87.0 87.0 43.5 7.5 9.6 60.1 1H NMR 84 
[Ni(NCS)2(ppp)4], 0D 29 27 38 NMa 34.2 40.5 NMa GC column 205 
SAMM-3-Cu-OTf, 0D 42 NILb NILb NILb 6.1 23.1 18.0 1H NMR 206 
MIL-53(Al), 3D 46 26 43 17 2.7 3.5 10.9 DCB and GC column 207 
MIL-47 (V), 3D 35 28 37 16 2.0 1.4 10.9 DCB and GC column 208 
MIL-53 (Cr), 3D 42.4 27.6 42.4 25.4 2.8 3.7 4.9 DCB 209 
MIL-53 (Ga), 3D 37.1 32.9 39.2 23.3 2.5 3.3 4.7 DCB 209 
Co-MOF-74, 3D 38.2 36.0 35.0 35.0 2.5 3.9 1.21 DCB and GC column 21 
UiO-66, 3D 42.4 42.4 42.4 NMa 1.8 2.4 NMa DCB and GC column 210 
CAU-13, 3D 17 15 14 NMa 1.9 1.5 NMa GC column 211 
MOF-5, 3D 13 14.5 13 10 NMa NMa 1.96 DCB and GC column 212 
anot mentioned; bno uptake. DCB: Dynamic column breakthrough experiment; GC: gas chromatography; NMR: nuclear magnetic 
resonance spectroscopy.  
 
Table 1.11. Summary of separation performance of PX selective sorbents, arranged in 
descending order of selectivities).84 
Adsorbent, network 
dimensionality (nD) 
Uptake (wt %) Selectivity Experimental 
technique 
Ref 
OX MX PX EB PX/OX PX/MX PX/EB 
H/ZSM-5, 3D 3.05 1.24 14.22 6.03 16.78 24.99 6.76 DCB 213 
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Li/ZSM-5, 3D 4.3 2.5 11 5.5 5.99 8.21 3.98 DCB 213 
Ba-X nanosize, 3D 4.9 2.02 10.34 3.15 2.82 7.19 3.74 DCB 214 
Na/ZSM-5, 3D 3 2.5 9 5.5 6.7 5.45 2.0 DCB 213 
MOF-monoclinic, 3D 4.2 4.2 12.5 4.2 4.55 2.52 5.17 DCB and GC column 212 
K-X nanosize, 3D 4.2 1.8 10.1 3.2 2.43 5.36 3.22 DCB 215 
K/ZSM-5, 3D 2 1.2 8.3 7.5 3.91 5.12 1.7 DCB 213 
MIL-125(Ti)-NH2, 3D 10 11 14.5 NG. 2.2 3.0 1.6 DCB and GC column 216 
MIL-47 (V), 3D 35 28 37 16 0.71b 2.5b 9.7 DCB and GC column 208 
sql-1-Co-NCS, 2D 87.0 87.0 87.0 43.5 0.10b 0.77b 7.3 1H NMR 84 
MOF-5, 3D 13 14.5 13 10 NMa NMa 4.14 DCB and GC column 212 
MIL-53(Al), 3D 46 26 43 17 0.29b 0.83b 3.1 DCB and GC column 207 
CAU-13, 3D 17 15 14 NMa 0.67b 1.3 NMa GC column 211 
anot mentioned; bselectivity values derived by inversing the reported selectivities. DCB: Dynamic column breakthrough experiment; GC: 
gas chromatography; NMR: nuclear magnetic resonance spectroscopy. 
 
Table 1.12. Summary of separation performance of MX selective sorbents, arranged in 
descending order of selectivities).84 
Adsorbent, network 
dimensionality (nD) 
Uptake (wt %) Selectivity Experimental 
technique 
Ref 
OX MX PX EB MX/OX MX/PX MX/EB 
Na-Y nanocrystalline, 3D 4.2 11 4.5 1.1 3.16 2.90 6.88 DCB 217 
Na-Y microcrystalline, 3D 4 10 5 2 2.83 2.62 5.93 DCB 217 
MIL-47 (V), 3D 35 28 37 16 0.5b 0.4 4.2 
DCB and GC 
column 
208 
MIL-53(Al), 3D 46 26 43 17 0.37b 1.2 3.8 
DCB and GC 
column 
207 
sql-1-Co-NCS, 2D 87.0 87.0 87.0 43.5 0.13b 1.3 3.8 1H NMR 84 
MIL-53(Al), 3D 46 26 43 17 0.29b 0.83b 3.1 
DCB and GC 
column 
207 
MOF-5, 3D 13 14.5 13 10 NMa NMa 2.34 
DCB and GC 
column 
212 
Co-MOF-74, 3D 38.2 36.0 35.0 35.0 0.4
b 1.6 0.49b 
DCB and GC 
column 
21 
MIL-53 (Ga), 3D 37.1 32.9 39.2 23.3 0.4b 1.4 NMa DCB 209 
MIL-53 (Cr), 3D 42.4 27.6 42.4 25.4 0.36b 1.4 NMa DCB 209 
anot mentioned; bselectivity values derived by inversing the reported selectivities. DCB: Dynamic column breakthrough experiment; GC: 







Table 1.13. Summary of separation performance of EB selective sorbents, arranged in 
descending order of selectivities).84 
Adsorbent, network 
dimensionality (nD) 
Uptake (wt %) Selectivity Experimental 
technique 
Ref 
OX MX PX EB EB/OX EB/PX EB/MX 
Co-MOF-74, 3D 38.2 36.0 35.0 35.0 0.83
b 3.21 2.05 DCB and GC column 21 
Zn(BDC)(Dabco)0.5, 3D 25 27 23 27 0.62
b 1.15 0.87b DCB 28 
MIL-101 (Cr), 3D 123 123 133 NMa 0.91b NMa 1.11 GC column 
218, 
219 
anot mentioned; bselectivity values derived by inversing the reported selectivities. DCB: Dynamic column breakthrough experiment; GC: 
gas chromatography. 
 
1.4. Optimal binding sites and/or mechanism for HC separations 
Section 1.3 tabulates the key structure and property parameters including experimental 
technique to enable HC separations from mixed components.  Now we address various 
mechanism for selective HC separations and present some of the representative examples of 
binding sites. Considering the full range of sorbents, zeolites, activated carbons, mesoporous 
silica, and MOMs that have been studied for HC separations, the preferred guest binding can 
result from one of the mechanisms as follows: thermodynamic equilibrium separation enabled 
by sorbent–sorbate interactions; non-equilibrium separation (kinetic and molecular sieving), 
conformational preference for one of the relevant HCs, and gate-opening based separations by 
flexible/switching MOMs.11, 220 Below are representative examples that highlight these modes.  
1.4.1. Unsaturated metal centre (UMC) driven selective HC separations  
Olefins generally interact more strongly with polarizing surfaces than the competing paraffins 
due to their diffuse -orbitals. MOMs that feature pore walls lined with coordinatively 
unsaturated metal centres (UMCs) can preferentially bind to olefins over paraffins. UMCs (also 
referred to as open metal sites) in MOMs are generated by the removal of solvent molecules 
bonded to the metal centres in as-synthesised MOMs via activation. MOMs with UMCs feature 
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prominently in studies of olefin/paraffin separations. M-MOF-74 (also known as CPO-27-M, 
M2(dhtp), or M2(dobdc); M = Mg, Mn, Fe, Co, Ni, Zn; dobdc
4‒ = 2,5-dioxido-1,4-
benzenedicarboxylate), a UMC rich MOM family, has been studied for various industrially 
relevant HC separations (Tables 1.1-1.13). M-MOF-74 feature 1D hexagonal channels lined 
with high density of M2+ metal sites that selectivity adsorb CO2 molecules owing to their high 
quadrupole moment (4.3 x 10−26 esu cm2) and unsaturated HCs.27 Mg-MOF-74 was found to 
exhibit ideal adsorbed solution theory (IAST) selectivity of 137 for equimolar CO2/CH4 and 
adsorption enthalpy (Qst) of 47 kJ mol
-1 for CO2 (Table 1.1). The high selectivity and Qst value 
 
 
Figure 1.15. Examples of binding of CO2 molecules and HCs to UMCs in M-MOF-74: a) 
CO2 in Mg-MOF-74 as determined from experimental neutron powder diffraction (NPD) 
data;221 b) C2D2, C2D4, C2D6, C3D6 and C3D8 in Fe-MOF-74 as determined from NPD 
data;161 c) benzene in Mn-MOF-74 as determined from DFT calculations;192 d) OX, EB, 
MX, and PX in Co-MOF-74 as determined from single crystal X-ray diffaraction (SCXRD) 
data.21 The distances are in Å. (Reprinted with permission from ref;21, 161, 192, 221 copyright 
2011, American Chemical Society; copyright 2012, American Association for the 
Advancement of Science; copyright 2016, Royal Society of Chemistry; copyright 2018, 




attributed to the strong ionic character of Mg-O bonds between UMCs and CO2 molecules 
(Figure 1.15a).95, 112, 221 Fe-MOF-74, another member of this family, was found to exhibit IAST 
selectivities of 2.08, 13.6, and 15 for equimolar mixtures of C2H2/C2H4, C2H4/C2H6, and 
C3H6/C3H8, respectively (Tables 1.3 and 1.6). The selective adsorption of olefins in 
Fe-MOF-74, arise due to its ability to engage in a limited degree of -backbonding, (Figure 
1.15b) despite the high-spin electronic configurations of Fe2+.161 Co-MOF-74 exhibited a 
higher IAST selectivity of 46 for C3H6/C3H8 due to strong -complexation between the open 
 
Figure 1.16. Examples of H-bonding interactions between HCs and inorganic pillars in 
HUMs: a) C2H2 in SIFSIX-2-Cu-i as determined from DFT-D calculations.
104 b) C2D2 in 
SIFSIX-14-Cu-i as determined from NPD data;107 c) C3H4 in SIFSIX-14-Cu-i as 
determined from DFT-D calculations.184  (d and e) C4H6 and n-C4H8 in GeFSIX-2-Cu-i as 
determined from DFT calculations;108 The distances are in Å. (Reprinted with permission 
from ref;104, 107, 108, 184 copyright 2016, American Association for the Advancement of 
Science; copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; copyright 
2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; copyright 2017, Wiley-VCH 




Co2+ sites and C3H6 molecules (Table 1.6).
186 Mg-MOF-74 and Co-MOF-74 were further 
studied to isolate unsaturated C4H6 from C4 HC mixtures (Table 1.7).
16 Ghosh and coworkers 
utilized the UMCs in Mn-MOF-74 for benzene/cyclohexane separation with a benchmark 
uptake ratio of 37.5 (Table 1.8), enabled by -complexation assisted Lewis acid–base 
interactions between open Mn2+ sites and π-e− rich benzene (Figure 1.15c).192 Recently, Long 
and co-workers reported Co-MOF-74 for C8 aromatics separation through multiple metal site 
interactions with binding affinities following the trend: OX > EB > MX > PX (Tables 1.10-1.13, 
and Figure 1.15d). Multi-component vapour-phase DCB experiments revealed that 
Co-MOF-74 could distinguish the C8 aromatics successfully, where PX eluted first from the 
fixed-bed column, followed by MX, EB and OX, in line with binding affinities exhibited by 
single-component isotherms and single crystal X-ray diffraction (SCXRD) data.21  
1.4.2. Hydrogen bonded binding interactions  
MOMs having the functional groups, particularly Lewis base moieties such as amines155, 222 





2‒,11, 15, 60 lining 
the pore channels, have evolved as a new paradigm to enhance HC separation performance. In 
this context, HUMs have emerged as outstanding candidates for adsorptive separations, in 
particular for C1-C4 LH separations.11, 60, 220 In 2016, SIFSIX-2-Cu-i was found to exhibit 
benchmark IAST selectivity of 44.5 for 1:99 (v/v) C2H2/C2H4 at 1 bar, which was more than 
an order of magnitude greater than the previous benchmark of 2.08 (Table 1.3). The exceptional 
selectivity for SIFSIX-2-Cu-i was driven by C-H∙∙∙F H-bonding interactions between C2H2 
molecules and SIFSIX moieties (Figure 1.16a). Binary mixture (1:99 C2H2/C2H4) DCB 
experiments conducted on SIFSIX-2-Cu-i yielded C2H2 concentration below 2 ppm with C2H4 
purity > 99.998%.104 As previously mentioned, substitution of dpa (9.6 Å) the shorter apy linker 
(9.0 Å) through crystal engineering afforded the second generation HUM variant, 
SIFSIX-14-Cu-i (also known as UTSA-200), to exhibit record high IAST selectivity of 6320 
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at 1 bar (1 : 99 C2H2/C2H4), thanks to near-ideal molecular sieving. SIFSIX-14-Cu-i also 
exhibited record high C2H4 productivity of 87.5 mmol g
−1 per cycle with purity > 99.9999%. 
The dramatic improvement in C2H2/C2H4 separation performance was attributed to the stronger 
H-bonding interactions in SIFSIX-14-Cu-i (1.921 Å) versus SIFSIX-2-Cu-i (2.013 Å) (Figure 
1.16b) and molecular sieving.107 The SIFSIX moieties and ultramicropores in SIFSIX-14-Cu-i 
were further utilised for trace removal of propyne from propylene in 2018. Due to molecular 
sieving effect, SIFSIX-14-Cu-i was found to exhibit extraordinary IAST selectivity of > 
 
Figure 1.17. Examples of C-H∙∙∙ bonding and ∙∙∙ stacking interactions between HCs and 
aromatic rings in MOMs: (a and b) C2D6 and C2D4 in Qc-5-Cu-sql- as determined from 
experimental NPD data.90 (c and d) C3H6 and C3H8 in [Co(AIP)(BPY)0.5]n as determined 
from Metropolis Monte Carlo (MC) simulation method;187  (e-h) layered packing 
arrangements of OX, MX, PX and EB in sql-1-Co-NCS as determined from SCXRD data;84  
(i-l) host-guest interactions of OX, MX, PX and EB in sql-1-Co-NCS as determined from 
SCXRD data;84 The distances are in Å. (Reprinted with permission from ref;84, 90, 187 
copyright 2018, American Chemical Society; copyright 2019, American Institute of 
Chemical Engineers; copyright 2019, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim). 
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20,000 for 1:99 (v/v) C3H4/C3H6 at 1 bar (Table 1.5). C3H4/C3H6 (1:99, v/v) DCB experiment 
conducted on SIFSIX-14-Cu-i yielded C3H4 concentration below 1 ppm with record C3H6 
productivity of 62.9 mmol g−1 per cycle. Modeling studies using first‐principles 
dispersion-corrected density functional theory (DFT-D) on SIFSIX-14-Cu-i revealed that C3H4 
molecule show C-H∙∙∙F H-bonding interactions with two SIFSIX moieties (Figure 1.16c).184 
Xing and his group further utilised the combination of C-H∙∙∙F H-bonding interactions and 
molecular sieving to enable C4 separations in a series of chemically related HUMs, 
GeFSIX-2-Cu-i, NbFSIX-2-Cu-i, and GeFSIX-14-Cu-i (Figures 1.16d and 1.16e). Ternary 
gas mixture DCB experiments revealed that these HUMs could distinguish the C4 isomers 
successfully, where i-C4H8 eluted first from the fixed-bed column, followed by n-C4H8 and 
C4H6, consistent with single-component isotherms.
108 
1.4.3. C-H∙∙∙ bonding and ∙∙∙ stacking interactions  
Van der Waals and supramolecular interactions such as C-H∙∙∙ bonding and ∙∙∙ stacking 
interactions have been widely reported for selective recognition and separation of HCs.223 As 
previously mentioned, Qc-5-Cu-sql-, a sql coordination network reported for C2H6/C2H4 
separation to exhibit IAST selectivity of 3.4 at 1 bar in 2018 (Table 1.4). The selectivity was 
driven by multiple C-H∙∙∙ bonding interactions in favour of C2H6 versus C2H4 with the host 
framework (Figures 1.17a and 1.17b). C2H6/C2H4 separation by Qc-5-Cu-sql-, 
experimentally validated by DCB experiments for equimolar C2H6/C2H4 mixture.
90 Similarly, 
[Co(AIP)(BPY)0.5]n, a 2D bilayer network enabled C3H6/C3H8 separation due to favourable 
multiple C-H∙∙∙ bonding and ∙∙∙ stacking interactions of C3H6 versus C3H8 with the host 
framework (Figures 1.17c, 1.17d and Table 1.6).187  
Aromatic HCs are expected to exhibit C-H∙∙∙ bonding and ∙∙∙ stacking interactions 
with phenyl rings present in the host networks. In this context, an amide-functionalized 2D 
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coordination network, [Cu(1)2(NO3)2]n (Cu-1-NO3, 1 = 5-(tert-butyl)-N
1,N3Di(pyridin-4-
yl)isophthalamide) was found to exhibit high uptake ratio of 18.9 for benzene/cyclohexane 
(Table 1.8) to enable selective separation of benzene from equimolar vapour mixture of 
benzene and cyclohexane. The observed selectivity of benzene over cyclohexane could be 
rationalized by C-H∙∙∙ bonding and ∙∙∙ stacking interactions between benzene molecule and 
aromatic rings present in the host network.193 As previously mentioned sql-1-Co-NCS, a 
SALMA was found to exhibit high adsorption capacity and selectivity for OX from C8 
aromatics. sql-1-Co-NCS exhibited adsorption capacity (> 80 wt%) and benchmark OX 
selectivity (SOX/EB ~ 60) (Table 1.10). The observed selectivity of OX versus MX, PX and EB 
was driven by combination of favourable C-H∙∙∙ bonding and ∙∙∙ stacking interactions 
between OX molecule and phenyl rings present in sql-1-Co-NCS (Figures 1.17e-l).84 
1.4.4. Control over pore size for selective HC separations 
While the majority of MOMs studied for separation of HCs are based on thermodynamic 
equilibrium physisorption, there are certain materials that separate HCs driven by non-
equilibrium conditions i.e. molecular sieving and kinetic separation. Relative pore sizes of the 
host frameworks generally dictate separation under non-equilibrium physisorption. As detailed 
in section 1.4.2, HUMs with varied pore size and chemistry can exert profound impact on 
adsorptive HC separations. In particular, SIFSIX-14-Cu-i that was found to exhibit benchmark 
IAST selectivities of 6320 and > 20,000 for C2H2/C2H4 and C3H4/C3H6 respectively, thanks to 
its near-ideal molecular sieving behaviour (Tables 1.3 and 1.5).107, 184 Separation performance 
of the second-generation HUM, SIFSIX-14-Cu-i is significantly higher compared to the 
chemically related first-generation sorbents SIFSIX-1-Cu, SIFSIX-2-Cu-i, and SIFSIX-3-Ni 
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(Tables 1.3 and 1.5), due to the reduced pore size of SIFSIX-14-Cu-i that features optimal fit 
for relevant HCs (Figure 1.18).107, 184 Molecular sieving behaviour of a well-known sorbent, 
ZIF-8, has been studied for separation of hexane isomers to isolate linear hexane from branched 
hexanes (Table 1.9).204  
1.4.5. Gate-opening or breathing behaviour of flexible MOMs 
Several flexible MOMs have been reported for selective HC separations, thanks to their 
discriminatory gate-opening and breathing behaviour with respect to guest molecules. Unlike 
type I isotherms exhibited by rigid physisorbents, flexible MOMs are characterised by 
characteristic gating isotherms with five distinct isotherm Types (F-I to F-V).83 Flexible MOMs 
that feature Type F-IV isotherms, which switch from non-porous to porous phase can 
potentially offer higher working capacity compared to rigid MOMs.78, 83, 224 As previously 
mentioned sql coordination networks are known to exhibit Type F-IV isotherms due to their 
ability to intercalate guest molecules between the layers.77, 78 Despite prevalence of 3D MOMs 
for HC separations, UTSA-300a and sql-1-Co-NCS, two sql coordination networks are current 
benchmarks for C2 and C8 separations, respectively (Tables 1.1 to 1.13), thanks to their 
discriminatory gate-sorption behaviour (Figure 1.19b and 1.19c).84, 89 UTSA-300a was found 
 
Figure 1.18. Design of SIFSIX materials to obtain sorbent with reduced pore size varying 
linker ligand length and use of interpenetration through crystal engineering approach. 
(Reprinted with permission from ref;27 copyright 2019, Elsevier). 
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to exhibit IAST selectivities of ca. 103 and 104 for C2H2/CO2 (1:1, v/v) and C2H2/C2H4 (1:99, 
v/v) at 1 bar and 298 K (Tables 1.2 and 1.3). Equimolar C2H2/C2H4 and C2H2/CO2 DCB 
experiments conducted on UTSA-300a yielded effluents purity > 99.9% for both C2H4 and 
CO2. The efficient separation performance of UTSA-300a can be attributed to C2H2 induced 
gate opening driven by C-H∙∙F H-bonds between C2H2 molecule and SIFSIX moieties (Figure 
1.19a).89 Similarly, gate sorption behaviour of sql-1-Co-NCS enabled separation of OX from 
C8 aromatics with high adsorption capacity and benchmark selectivity (Table 1.10).84 
Likewise, gate-opening of flexible MOMs, breathing behaviour has also been studied for 
selective HC separations. In this context, MIL-53 compounds have been extensively studied 
for various HC separations. For example, NH2-MIL-53(Al) was found to exhibit efficient 
CO2/CH4 separation with separation factor of 45 calculated from equimolar DCB experimental 
data at 1 bar and 303 K (Table 1.1).89 MIL-53(Al), MIL-53(Cr), and MIL-53(Ga) have been 
studied for C8 aromatics separations (Tables 1.10-1.12). Single component isotherms and 
multicomponent liquid-phase DCB experiments conducted on these MIL-53 materials revealed 
that all of these materials selectively prefer OX versus MX, PX, and EB.209  
 
Figure 1.19. a) Schematic representation of adsorption mechanism of CO2 and C2H2 in 
UTSA-300a to exhibit different dynamic interactions.89 Adsorption (closed symbol) and 
desorption (open symbol) isotherms a) for C2H2, C2H4, and CO2 in UTSA-300a at 273 K;
89 
b) for OX, MX, PX, and EB in sql-1-Co-NCS at 298 K.84 (Reprinted with permission from 
ref; 84, 89 copyright 2017, American Chemical Society; copyright 2019, Wiley-VCH Verlag 




1.4.6. Single-step purification of multi-component HCs mixture by SSST 
As we have seen in earlier sections, majority of HC separations are focused on binary mixture. 
However, most relevant industrial separations are multi-component HCs mixture of varying 
composition. There are few reports where a single sorbent could able to simultaneously remove 
multiple minor impurities from multi-component HCs mixture, but they lack high selectivity 
for the desired sorbates versus others. As previously mentioned SSST approach offers an 
alternative to enable single-step purification from multicomponent gas mixture to mimic 
real-world gas mixtures, using a series of bespoke sorbents in a fixed-bed column. SSST 
approach was introduced by our group for single-step production of polymer-grade C2H4 with 
> 99.9% purity from quaternary (CO2/C2H2/C2H6/C2H4) or ternary (C2H2/C2H6/C2H4) gas 
mixtures. Figure 1.20 illustrates how SSST enabled single-step removal of multiple impurities 
by using three ultramicroporous MOMs, SIFSIX-3-Ni, TIFSIX-2-Cu-i, and Zn-atz-ipa, each 
highly selective for one of the impurities.111 
 
Figure 1.20. Schematic representation of SSST approach for single-step C2H4 purification 
from a CO2/C2H2/C2H4/C2H6 quaternary gas mixture using SIFSIX-3-Ni, TIFSIX-2-Cu-i 





As tabulated and discussed in section 1.3 and 1.4 respectively, there are a number of 
sorbents with benchmark selectivities and adsorption capacities discovered in past five years, 
for various HC separations. These second-generation sorbents can be utilized in SSST to enable 
one-step purification of various other multi-component HCs mixtures e.g. 
propadiene/propyne/propane/propylene, C4H6/n-C4H8/i-C4H8, nHEX/3MP/22DMB, 
PX/OX/MX/EB, etc. SSST, therefore, lays groundwork to enable single-step purification 
technologies to address the energy footprint of high-volume HC separations.  
1.5. Conclusions 
Separation and purification of various HC mixtures are industrially relevant and make a 
substantial contribution to global energy consumption. Herein, we have detailed how MOMs 
have emerged as energy efficient alternative physisorbents for various challenging HC 
separations. We have also outlined the structure-property relationships of pore shape, pore size, 
and pore chemistry of MOMs and their impact on sorbent-sorbate interactions at the molecular 
level. The rapid advancements of MOMs for HC separations are attributed to their exceptional 
tunability through bottom-up crystal engineering‒a bottleneck for traditional sorbents.  Crystal 
engineering of MOMs has enabled the design of a new generation of sorbents with ultrahigh 
selectivity values, fast sorption kinetics, and favourable thermodynamics for selective binding, 
and energy-efficient regeneration (Qst ~ 35-50 kJ mol
‒1).11, 220, 225 Ultramicroporous MOMs, in 
particular HUMs, have emerged as the best suited candidates to exhibit these characteristics. 
The combination of the right pore size (< 0.7 nm) and pore chemistry (inorganic anions) 
featured by HUMs results in tight fitting binding sites that offer highly specific interactions for 
key adsorbates, especially C1-C4 LHs.  
In addition to rigid sorbents, flexible MOMs are also emerging as suitable candidates for 
various HC separations. The study of highly selective flexible MOMs is in its infancy and the 
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thermodynamics and kinetics of first generation of flexible MOMs for selective HC separations 
still remain poorly understood.  Nevertheless, discriminatory sorbate-specific gate sorption 
behaviour and high working capacities enabled by Type F-IV isotherms in flexible MOMs 
could result in high separation performances. In this context, sql coordination networks, 
relatively underexplored class of MOMs in term of their sorption properties, are emerging 
candidates to exhibit high separation performance for various HC mixtures, thanks to their gate 
sorption or switching behaviour. Fine-tuning of pore size and pore chemistry through crystal 
engineering could enable the design of the next generations of MOMs to offer strong separation 
performance and address the energy footprint of industrial HC separations.  
1.6. Objectives 
The objective of the work described in this thesis has been to design and synthesize sql 
coordination networks and HUMs through crystal engineering in order to fine-tune their pore 
size/chemistry by varying linker ligands, metal nodes, and inorganic anions. Single-component 
gas/vapour sorption studies on these MOMs showed promising pure-component equilibrium 
sorption values for application to HC mixture separations. Further experiments were carried 
out in order to evaluate their actual separation performance in binary and/or ternary mixtures, 
and to determine experimental separation selectivity. In situ studies were carried out to 
investigate the structural changes that cause the switching sorption behaviour of sql 
coordination networks, and specific sorbate-sorbent interactions in HUMs. Molecular 
modeling simulations were carried out, and guest loaded crystal structures were determined by 
SCXRD to further provide insights into host-guest interactions and the origin of selective 






1. Sholl, D. S.; Lively, R. P., Seven chemical separations to change the world. Nature 
2016, 532 (7600), 435-437. 
2. Kitagawa, S., Porous Materials and the Age of Gas. Angew. Chem. Int. Ed. 2015, 54 
(37), 10686-10687. 
3. Bao, Z.;  Chang, G.;  Xing, H.;  Krishna, R.;  Ren, Q.; Chen, B., Potential of 
microporous metal–organic frameworks for separation of hydrocarbon mixtures. Energy 
Environ. Sci. 2016, 9 (12), 3612-3641. 
4. Pei, J.;  Shao, K.;  Zhang, L.;  Wen, H.-M.;  Li, B.; Qian, G., Current Status of 
Microporous Metal–Organic Frameworks for Hydrocarbon Separations. Top. Curr. Chem. 
2019, 377 (6), 33. 
5. Wang, H.;  Liu, Y.; Li, J., Designer Metal–Organic Frameworks for 
Size-Exclusion-Based Hydrocarbon Separations: Progress and Challenges. Adv. Mater. 2020, 
32 (44), 2002603. 
6. Jackson, S.;  Eiksund, O.; Brodal, E., Impact of Ambient Temperature on LNG 
Liquefaction Process Performance: Energy Efficiency and CO2 Emissions in Cold Climates. 
Ind. Eng. Chem. Res. 2017, 56 (12), 3388-3398. 
7. Mobil, E. Outlook for Energy: A View to 2040, Irving, Texas; 2020. 
8. Himbert, G., Book Review: Modern Acetylene Chemistry. Edited by P. J. Stang and F. 
Diederich. Angew. Chem. Int. Ed. 1996, 35 (18), 2154-2155. 
9. Pässler, P.;  Hefner, W.;  Buckl, K.;  Meinass, H.;  Meiswinkel, A.;  Wernicke, H.-J.;  
Ebersberg, G.;  Müller, R.;  Bässler, J.;  Behringer, H.; Mayer, D., Acetylene. Ullmann's 
Encyclopedia of Industrial Chemistry 2011. 
10. Angewandte Chemie International Edition in English.Wang, Y.;  Peh, S. B.; Zhao, D., 
Alternatives to Cryogenic Distillation: Advanced Porous Materials in Adsorptive Light 
Olefin/Paraffin Separations. Small 2019, 15 (25), 1900058. 
11. Mukherjee, S.;  Sensharma, D.;  Chen, K.-J.; Zaworotko, M. J., Crystal engineering of 
porous coordination networks to enable separation of C2 hydrocarbons. Chem. Commun. 2020, 
56 (72), 10419-10441. 
12. Kniel, L.;  Winter, O.; Stork, K., Ethylene, keystone to the petrochemical industry. M. 
Dekker: New York, 1980. 
47 
 
13. McKetta Jr, J. J., Ethanol as Fuel: Options: Advantages, and Disadvantages to Exhaust 
Stacks: Cost. In Encyclopedia of Chemical Processing and Design, CRC Press, 1984; Vol. 20, 
p 520. 
14. Li, L.;  Lin, R.-B.;  Krishna, R.;  Wang, X.;  Li, B.;  Wu, H.;  Li, J.;  Zhou, W.; Chen, 
B., Flexible–Robust Metal–Organic Framework for Efficient Removal of Propyne from 
Propylene. J. Am. Chem. Soc. 2017, 139 (23), 7733-7736. 
15. Gao, M.-Y.;  Song, B.-Q.;  Sensharma, D.; Zaworotko, M. J., Crystal engineering of 
porous coordination networks for C3 hydrocarbon separation. SmartMat 2020, 
https://doi.org/10.1002/smm2.1016. 
16. Liao, P.-Q.;  Huang, N.-Y.;  Zhang, W.-X.;  Zhang, J.-P.; Chen, X.-M., Controlling 
guest conformation for efficient purification of butadiene. Science 2017, 356 (6343), 1193. 
17. Berstad, D.;  Nekså, P.; Anantharaman, R., Low-temperature CO2 Removal from 
Natural Gas. Energy Procedia 2012, 26, 41-48. 
18. Rufford, T. E.;  Smart, S.;  Watson, G. C. Y.;  Graham, B. F.;  Boxall, J.;  Diniz da 
Costa, J. C.; May, E. F., The removal of CO2 and N2 from natural gas: A review of 
conventional and emerging process technologies. J. Pet. Sci. Eng. 2012, 94-95, 123-154. 
19. Granada, A.;  Karra, S. B.; Senkan, S. M., Conversion of methane into acetylene and 
ethylene by the chlorine-catalyzed oxidative-pyrolysis (CCOP) process. 1. Oxidative pyrolysis 
of chloromethane. Ind. Eng. Chem. Res. 1987, 26 (9), 1901-1905. 
20. Gannon, R. E.;  Krukonis, V. J.; Schoenberg, T., Conversion of Coal to Acetylene in 
Arc-Heated Hydrogen. Ind. Eng. Chem. Prod. Res. Dev. 1970, 9 (3), 343-347. 
21. Gonzalez, M. I.;  Kapelewski, M. T.;  Bloch, E. D.;  Milner, P. J.;  Reed, D. A.;  Hudson, 
M. R.;  Mason, J. A.;  Barin, G.;  Brown, C. M.; Long, J. R., Separation of Xylene Isomers 
through Multiple Metal Site Interactions in Metal–Organic Frameworks. J. Am. Chem. Soc. 
2018, 140 (9), 3412-3422. 
22. Kuila, S. B.; Ray, S. K., Separation of benzene–cyclohexane mixtures by filled blend 
membranes of carboxymethyl cellulose and sodium alginate. Sep. Purif. Technol. 2014, 123, 
45-52. 
23. Shiau, L.-D.; Yu, C.-C., Separation of the benzene/cyclohexane mixture by stripping 
crystallization. Sep. Purif. Technol. 2009, 66 (2), 422-426. 




25. Sabouni, R.;  Kazemian, H.; Rohani, S., Carbon dioxide capturing technologies: a 
review focusing on metal organic framework materials (MOFs). Environ. Sci. Pollut. Res. 
2014, 21 (8), 5427-5449. 
26. Wang, Y.;  Peh, S. B.; Zhao, D., Alternatives to Cryogenic Distillation: Advanced 
Porous Materials in Adsorptive Light Olefin/Paraffin Separations. Small 2019, 15 (25), 
1900058. 
27. Barnett, B. R.;  Gonzalez, M. I.; Long, J. R., Recent Progress Towards Light 
Hydrocarbon Separations Using Metal–Organic Frameworks. Trends Chem. 2019, 1 (2), 159-
171. 
28. Nicolau, M. P. M.;  Bárcia, P. S.;  Gallegos, J. M.;  Silva, J. A. C.;  Rodrigues, A. E.; 
Chen, B., Single- and Multicomponent Vapor-Phase Adsorption of Xylene Isomers and 
Ethylbenzene in a Microporous Metal−Organic Framework. J. Phys. Chem. C 2009, 113 (30), 
13173-13179. 
29. Wagner, U.; Weitz, H. M., BASF process for production of pure butadiene. Ind. Eng. 
Chem. 1970, 62 (4), 43-48. 
30. Weissermel, K.; Arpe, H.-J., Industrial Organic Chemistry. John Wiley & Sons: 2003. 
31. Peralta, D.;  Chaplais, G.;  Simon-Masseron, A.;  Barthelet, K.; Pirngruber, G. D., 
Separation of C6 Paraffins Using Zeolitic Imidazolate Frameworks: Comparison with Zeolite 
5A. Ind. Eng. Chem. Res. 2012, 51 (12), 4692-4702. 
32. Yang, Y.;  Bai, P.; Guo, X., Separation of Xylene Isomers: A Review of Recent 
Advances in Materials. Ind. Eng. Chem. Res. 2017, 56 (50), 14725-14753. 
33. Perry Iv, J. J.;  Perman, J. A.; Zaworotko, M. J., Design and synthesis of metal–organic 
frameworks using metal–organic polyhedra as supermolecular building blocks. Chem. Soc. 
Rev. 2009, 38 (5), 1400-1417. 
34. MacGillivray, L. R., Metal-organic frameworks: design and application. John Wiley 
& Sons: 2010. 
35. Kitagawa, S.;  Kitaura, R.; Noro, S.-i., Functional Porous Coordination Polymers. 
Angew. Chem. Int. Ed. 2004, 43 (18), 2334-2375. 
36. Yang, L.;  Qian, S.;  Wang, X.;  Cui, X.;  Chen, B.; Xing, H., Energy-efficient separation 
alternatives: metal–organic frameworks and membranes for hydrocarbon separation. Chem. 
Soc. Rev. 2020, 49 (15), 5359-5406. 
37. Eddaoudi, M.;  Kim, J.;  Rosi, N.;  Vodak, D.;  Wachter, J.;  Keeffe, M.; Yaghi, O. M., 
Systematic Design of Pore Size and Functionality in Isoreticular MOFs and Their Application 
in Methane Storage. Science 2002, 295 (5554), 469. 
49 
 
38. Murray, L. J.;  Dincă, M.; Long, J. R., Hydrogen storage in metal–organic frameworks. 
Chem. Soc. Rev. 2009, 38 (5), 1294-1314. 
39. Li, J.-R.;  Kuppler, R. J.; Zhou, H.-C., Selective gas adsorption and separation in 
metal-organic frameworks. Chem. Soc. Rev. 2009, 38 (5), 1477-1504. 
40. Lustig, W. P.;  Mukherjee, S.;  Rudd, N. D.;  Desai, A. V.;  Li, J.; Ghosh, S. K., 
Metal-organic frameworks: functional luminescent and photonic materials for sensing 
applications. Chem. Soc. Rev. 2017, 46 (11), 3242-3285. 
41. Liu, J.;  Chen, L.;  Cui, H.;  Zhang, J.;  Zhang, L.; Su, C.-Y., Applications of 
metal-organic frameworks in heterogeneous supramolecular catalysis. Chem. Soc. Rev. 2014, 
43 (16), 6011-6061. 
42. Lee, J.;  Farha, O. K.;  Roberts, J.;  Scheidt, K. A.;  Nguyen, S. T.; Hupp, J. T., 
Metal-organic framework materials as catalysts. Chem. Soc. Rev. 2009, 38 (5), 1450-1459. 
43. Horcajada, P.;  Chalati, T.;  Serre, C.;  Gillet, B.;  Sebrie, C.;  Baati, T.;  Eubank, J. F.;  
Heurtaux, D.;  Clayette, P.;  Kreuz, C.;  Chang, J.-S.;  Hwang, Y. K.;  Marsaud, V.;  Bories, 
P.-N.;  Cynober, L.;  Gil, S.;  Férey, G.;  Couvreur, P.; Gref, R., Porous 
metal-organic-framework nanoscale carriers as a potential platform for drug delivery and 
imaging. Nat. Mater. 2010, 9 (2), 172-178. 
44. Wells, A., The geometrical basis of crystal chemistry. Part 1. Acta Crystallographica 
1954, 7 (8-9), 535-544. 
45. Wells, A., The geometrical basis of crystal chemistry. Part 2. Acta Crystallographica 
1954, 7 (8-9), 545-554. 
46. Wells, A. F., Structural inorganic chemistry. 5th ed.; Oxford University Press: London, 
1984. 
47. Gardner, G. B.;  Venkataraman, D.;  Moore, J. S.; Lee, S., Spontaneous assembly of a 
hinged coordination network. Nature 1995, 374 (6525), 792-795. 
48. Fujita, M.;  Kwon, Y. J.;  Washizu, S.; Ogura, K., Preparation, Clathration Ability, and 
Catalysis of a Two-Dimensional Square Network Material Composed of Cadmium(II) and 
4,4'-Bipyridine. J. Am. Chem. Soc. 1994, 116 (3), 1151-1152. 
49. Subramanian, S.; Zaworotko, M. J., Porous Solids by Design: 
[Zn(4,4′-bpy)2(SiF6)]n·xDMF, a Single Framework Octahedral Coordination Polymer with 
Large Square Channels. Angew. Chem. Int. Ed. 1995, 34 (19), 2127-2129. 
50. Zaworotko, M. J., Crystal engineering of diamondoid networks. Chem. Soc. Rev. 1994, 
23 (4), 283-288. 
50 
 
51. Chui, S. S. Y.;  Lo, S. M. F.;  Charmant, J. P. H.;  Orpen, A. G.; Williams, I. D., A 
Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n. Science 1999, 283 
(5405), 1148. 
52. Bhattacharya, S.;  Peraka, K. S.; Zaworotko, M. J., Chapter 2 The Role of Hydrogen 
Bonding in Co-crystals. In Co-crystals: Preparation, Characterization and Applications, The 
Royal Society of Chemistry: 2018; pp 33-79. 
53. Pepinsky, R. In Crystal engineering-new concept in crystallography, 1955; American 
Physical Soc One Physics Ellipse, College PK, MD 20740-3844 USA: pp 971-971. 
54. Schmidt, G. M. J., Photodimerization in the solid state. Pure Appl. Chem. 1971, 27 (4), 
647-678. 
55. Desiraju, G. R.; Sarma, J. A. R. P., Crystal engineering via donor–acceptor interactions. 
X-Ray crystal structure and solid state reactivity of the 1 : 1 complex, 3,4-dimethoxycinnamic 
acid–2,4-dinitrocinnamic acid. J. Chem. Soc., Chem. Commun. 1983,  (1), 45-46. 
56. Ermer, O., Five-fold diamond structure of adamantane-1,3,5,7-tetracarboxylic acid. J. 
Am. Chem. Soc. 1988, 110 (12), 3747-3754. 
57. Etter, M. C.;  Frankenbach, G. M.; Bernstein, J., Solid-state nucleophilic aromatic 
substitution reaction of a carboxylic acid cocrystal. Tetrahedron Lett. 1989, 30 (28), 
3617-3620. 
58. Walsh, R. D. B.;  Bradner, M. W.;  Fleischman, S.;  Morales, L. A.;  Moulton, B.;  
Rodríguez-Hornedo, N.; Zaworotko, M. J., Crystal engineering of the composition of 
pharmaceutical phases. Chem. Commun. 2003,  (2), 186-187. 
59. Gable, R. W.;  Hoskins, B. F.; Robson, R., A new type of interpenetration involving 
enmeshed independent square grid sheets. The structure of diaquabis-(4,4′-bipyridine)zinc 
hexafluorosilicate. J. Chem. Soc., Chem. Commun. 1990,  (23), 1677-1678. 
60. Mukherjee, S.; Zaworotko, M. J., Crystal Engineering of Hybrid Coordination 
Networks: From Form to Function. Trends Chem. 2020, 2 (6), 506-518. 
61. Hoskins, B. F.; Robson, R., Design and construction of a new class of scaffolding-like 
materials comprising infinite polymeric frameworks of 3D-linked molecular rods. A 
reappraisal of the zinc cyanide and cadmium cyanide structures and the synthesis and structure 
of the diamond-related frameworks [N(CH3)4][CuIZnII(CN)4] and CuI[4,4',4'',4'''-
tetracyanotetraphenylmethane]BF4∙xC6H5NO2. J. Am. Chem. Soc. 1990, 112 (4), 1546-1554. 
62.https://www.ccdc.cam.ac.uk/Community/blog/New_Data_and_improvements_2020.3_blo
g/ (accessed 06/02/2021). 
51 
 
63. Batten, S. R.;  Champness, N. R.;  Chen, X.-M.;  Garcia-Martinez, J.;  Kitagawa, S.;  
Öhrström, L.;  O'Keeffe, M.;  Suh, M. P.; Reedijk, J., Terminology of metal-organic 
frameworks and coordination polymers (IUPAC Recommendations 2013). Pure Appl. Chem. 
2013, 85 (8). 
64. Li, H.;  Eddaoudi, M.;  O'Keeffe, M.; Yaghi, O. M., Design and synthesis of an 
exceptionally stable and highly porous metal-organic framework. Nature 1999, 402 (6759), 
276-279. 
65. Mitina, T. G.; Blatov, V. A., Topology of 2-Periodic Coordination Networks: Toward 
Expert Systems in Crystal Design. Cryst. Growth Des. 2013, 13 (4), 1655-1664. 
66. Nishikiori, S.-i.; Iwamoto, T., Bis(2-aminoethanol)cadmium(II) 
Tetracyanonickelate(II)-Pyrrole (1/1) and 2-Aminoethanolcadmium(II) 
Tetracyanonickelate(II)-Benzene (1/2). Variation of Metal Complex Host Structure with the 
Size of Aromatic Guest Molecule. Bull. Chem. Soc. Jpn. 1983, 56 (11), 3246-3252. 
67. Nishikiori, S.-i.; Iwamoto, T., The crystal structures of α, ω-diaminoalkanecadmium 
(II) tetracyanonickelate (II)-aromatic molecule inclusion compounds. I. 1, 
4-diaminobutanecadmium (II) tetracyanonickelate (II)-2, 5-xylidine (1/1): Cd 
(NH2(CH2)4NH2)Ni(CN)4∙(CH 3)2C6H3NH2. J. Inclusion Phenom. 1984, 2 (1-2), 341-349. 
68. Nishikiori, S.; Iwamoto, T., Crystal structures of (.alpha.,.omega.-
diaminoalkane)cadmium(II) tetracyanonickelate(II)-aromatic molecule inclusion compounds. 
3. (1,4-Diaminobutane)cadmium(II) tetracyanonickelate(II)-pyrrole (1/1), (1,4-
diaminobutane)cadmium(II) tetracyanonickelate(II)-aniline (2/3), and (1,4-
diaminobutane)cadmium(II) tetracyanonickelate(II)-N,N-dimethylaniline (1/1). Inorg. Chem. 
1986, 25 (6), 788-794. 
69. Miyoshi, T.;  Iwamoto, T.; Sasaki, Y., The structure of catena-μ-
ethylenediaminecadmium(II) tetracyanoniccolate(II) dibenzene clathrate: 
Cd(en)Ni(CN)4∙2C6H6. Inorganica Chim. Acta 1972, 6, 59-64. 
70. R. Batten, S.;  F. Hoskins, B.; Robson, R., Structures of [Ag(tcm)], [Ag(tcm)(phz)1/2] 
and [Ag(tcm)(pyz)] (tcm=tricyanomethanide, C(CN)3‒, phz=phenazine, pyz=pyrazine). New J. 
Chem. 1998, 22 (2), 173-175. 
71. Abrahams, B. F.;  Hardie, M. J.;  Hoskins, B. F.;  Robson, R.; Sutherland, E. E., Infinite 
square-grid [Cd(CN)2] sheets linked together by either pyrazine bridges or polymerisable 
1,4-bis(4-pyridyl)butadiyne bridges arranged in an unusual criss-cross fashion. J. Chem. Soc., 
Chem. Commun. 1994,  (9), 1049-1050. 
52 
 
72. Lu, J.;  Paliwala, T.;  Lim, S. C.;  Yu, C.;  Niu, T.; Jacobson, A. J., Coordination 
Polymers of Co(NCS)2 with Pyrazine and 4,4‘-Bipyridine:  Syntheses and Structures. Inorg. 
Chem. 1997, 36 (5), 923-929. 
73. MacGillivray, L. R.;  Groeneman, R. H.; Atwood, J. L., Design and Self-Assembly of 
Cavity-Containing Rectangular Grids. J. Am. Chem. Soc. 1998, 120 (11), 2676-2677. 
74. Aoyagi, M.;  Biradha, K.; Fujita, M., Formation of Two, One, and Zero-Dimensional 
Coordination Assemblies from Cd(II) Ion and 4,4′-Bipyridine. Bull. Chem. Soc. Jpn. 2000, 73 
(6), 1369-1373. 
75. Hagrman, D.;  Hammond, R. P.;  Haushalter, R.; Zubieta, J., Organic/Inorganic 
Composite Materials:  Hydrothermal Syntheses and Structures of the One-, Two-, and 
Three-Dimensional Copper(II) Sulfate−Organodiamine Phases 
[Cu(H2O)3(4,4‘-bipyridine)(SO4)]·2H2O, [Cu(bpe)2][Cu(bpe)(H2O)2(SO4)2]·2H2O, and 
[Cu(bpe)(H2O)(SO4)] (bpe = trans-1,2-Bis(4-pyridyl)ethylene). Chem. Mater. 1998, 10 (8), 
2091-2100. 
76. Park, S. H.;  Kim, K. M.;  Lee, S. G.; Jung, O. S., Perpendicular Interpenetration of 
Independent Square Grid Sheets. Synthesis and Structural Properties of [Co(NCS)2(Py2L)2]n 
(Py2L = trans-1,2-Bis(4-pyridyl)ethylene, 1,2-Bis(4-pyridyl)ethane). Bull. Korean Chem. Soc. 
1998, 19 (1), 79-82. 
77. Kondo, A.;  Noguchi, H.;  Ohnishi, S.;  Kajiro, H.;  Tohdoh, A.;  Hattori, Y.;  Xu, W.-C.;  
Tanaka, H.;  Kanoh, H.; Kaneko, K., Novel Expansion/Shrinkage Modulation of 2D Layered 
MOF Triggered by Clathrate Formation with CO2 Molecules. Nano Lett. 2006, 6 (11), 2581-
2584. 
78. Wang, S.-Q.;  Yang, Q.-Y.;  Mukherjee, S.;  O’Nolan, D.;  Patyk-Kaźmierczak, E.;  
Chen, K.-J.;  Shivanna, M.;  Murray, C.;  Tang, C. C.; Zaworotko, M. J., Recyclable switching 
between nonporous and porous phases of a square lattice (sql) topology coordination network. 
Chem. Commun. 2018, 54 (51), 7042-7045. 
79. Noguchi, H.;  Kondo, A.;  Hattori, Y.;  Kajiro, H.;  Kanoh, H.; Kaneko, K., Evaluation 
of an Effective Gas Storage Amount of Latent Nanoporous Cu-Based Metal−Organic 
Framework. J. Phys. Chem. C 2007, 111 (1), 248-254. 
80. Yang, J.;  Yu, Q.;  Zhao, Q.;  Liang, J.;  Dong, J.; Li, J., Adsorption CO2, CH4 and N2 
on two different spacing flexible layer MOFs. Micropor. Mesopor. Mater. 2012, 161, 154-159. 
81. Bon, V.;  Senkovska, I.;  Wallacher, D.;  Heerwig, A.;  Klein, N.;  Zizak, I.;  Feyerherm, 
R.;  Dudzik, E.; Kaskel, S., In situ monitoring of structural changes during the adsorption on 
53 
 
flexible porous coordination polymers by X-ray powder diffraction: Instrumentation and 
experimental results. Micropor. Mesopor. Mater. 2014, 188, 190-195. 
82. Li, L.;  Krishna, R.;  Wang, Y.;  Wang, X.;  Yang, J.; Li, J., Flexible Metal–Organic 
Frameworks with Discriminatory Gate-Opening Effect for the Separation of Acetylene from 
Ethylene/Acetylene Mixtures. Eur. J. Inorg. Chem. 2016, 2016 (27), 4457-4462. 
83. Yang, Q.-Y.;  Lama, P.;  Sen, S.;  Lusi, M.;  Chen, K.-J.;  Gao, W.-Y.;  Shivanna, M.;  
Pham, T.;  Hosono, N.;  Kusaka, S.;  Perry Iv, J. J.;  Ma, S.;  Space, B.;  Barbour, L. J.;  
Kitagawa, S.; Zaworotko, M. J., Reversible Switching between Highly Porous and Nonporous 
Phases of an Interpenetrated Diamondoid Coordination Network That Exhibits Gate-Opening 
at Methane Storage Pressures. Angew. Chem. Int. Ed. 2018, 57 (20), 5684-5689. 
84. Wang, S.-Q.;  Mukherjee, S.;  Patyk-Kaźmierczak, E.;  Darwish, S.;  Bajpai, A.;  Yang, 
Q.-Y.; Zaworotko, M. J., Highly Selective, High-Capacity Separation of o-Xylene from C8 
Aromatics by a Switching Adsorbent Layered Material. Angew. Chem. Int. Ed. 2019, 58 (20), 
6630-6634. 
85. Li, L.;  Wang, Y.;  Yang, J.;  Wang, X.; Li, J., Targeted capture and 
pressure/temperature-responsive separation in flexible metal–organic frameworks. J. Mater. 
Chem. A 2015, 3 (45), 22574-22583. 
86. Liu, X.-M.;  Lin, R.-B.;  Zhang, J.-P.; Chen, X.-M., Low-Dimensional Porous 
Coordination Polymers Based on 1,2-Bis(4-pyridyl)hydrazine: From Structure Diversity to 
Ultrahigh CO2/CH4 Selectivity. Inorg. Chem. 2012, 51 (10), 5686-5692. 
87. Chen, K.-J.;  Madden, D. G.;  Pham, T.;  Forrest, K. A.;  Kumar, A.;  Yang, Q.-Y.;  Xue, 
W.;  Space, B.;  Perry Iv, J. J.;  Zhang, J.-P.;  Chen, X.-M.; Zaworotko, M. J., Tuning Pore Size 
in Square-Lattice Coordination Networks for Size-Selective Sieving of CO2. Angew. Chem. 
Int. Ed. 2016, 55 (35), 10268-10272. 
88. Li, L.;  Lin, R.-B.;  Krishna, R.;  Wang, X.;  Li, B.;  Wu, H.;  Li, J.;  Zhou, W.; Chen, 
B., Efficient separation of ethylene from acetylene/ethylene mixtures by a flexible-robust 
metal–organic framework. J. Mater. Chem. A 2017, 5 (36), 18984-18988. 
89. Lin, R.-B.;  Li, L.;  Wu, H.;  Arman, H.;  Li, B.;  Lin, R.-G.;  Zhou, W.; Chen, B., 
Optimized Separation of Acetylene from Carbon Dioxide and Ethylene in a Microporous 
Material. J. Am. Chem. Soc. 2017, 139 (23), 8022-8028. 
90. Lin, R.-B.;  Wu, H.;  Li, L.;  Tang, X.-L.;  Li, Z.;  Gao, J.;  Cui, H.;  Zhou, W.; Chen, 
B., Boosting Ethane/Ethylene Separation within Isoreticular Ultramicroporous Metal–Organic 
Frameworks. J. Am. Chem. Soc. 2018, 140 (40), 12940-12946. 
54 
 
91. Wang, J.;  Zhang, Y.;  Zhang, P.;  Hu, J.;  Lin, R.-B.;  Deng, Q.;  Zeng, Z.;  Xing, H.;  
Deng, S.; Chen, B., Optimizing Pore Space for Flexible-Robust Metal–Organic Framework to 
Boost Trace Acetylene Removal. J. Am. Chem. Soc. 2020, 142 (21), 9744-9751. 
92. Ke, T.;  Wang, Q.;  Shen, J.;  Zhou, J.;  Bao, Z.;  Yang, Q.; Ren, Q., Molecular Sieving 
of C2-C3 Alkene from Alkyne with Tuned Threshold Pressure in Robust Layered 
Metal-Organic Frameworks. Angew. Chem. Int. Ed. 2020, 59 (31), 12725-12730. 
93. Scott, H. S.;  Bajpai, A.;  Chen, K.-J.;  Pham, T.;  Space, B.;  Perry, J. J.; Zaworotko, 
M. J., Novel mode of 2-fold interpenetration observed in a primitive cubic network of formula 
[Ni(1,2-bis(4-pyridyl)acetylene)2(Cr2O7)]n. Chem. Commun. 2015, 51 (80), 14832-14835. 
94. Uemura, K.;  Maeda, A.;  Maji, T. K.;  Kanoo, P.; Kita, H., Syntheses, Crystal Structures 
and Adsorption Properties of Ultramicroporous Coordination Polymers Constructed from 
Hexafluorosilicate Ions and Pyrazine. Eur. J. Inorg. Chem. 2009, 2009 (16), 2329-2337. 
95. Nugent, P.;  Belmabkhout, Y.;  Burd, S. D.;  Cairns, A. J.;  Luebke, R.;  Forrest, K.;  
Pham, T.;  Ma, S.;  Space, B.;  Wojtas, L.;  Eddaoudi, M.; Zaworotko, M. J., Porous materials 
with optimal adsorption thermodynamics and kinetics for CO2 separation. Nature 2013, 495 
(7439), 80-84. 
96. Mohamed, M. H.;  Elsaidi, S. K.;  Wojtas, L.;  Pham, T.;  Forrest, K. A.;  Tudor, B.;  
Space, B.; Zaworotko, M. J., Highly Selective CO2 Uptake in Uninodal 6-Connected “mmo” 
Nets Based upon MO4
2– (M = Cr, Mo) Pillars. J. Am. Chem. Soc. 2012, 134 (48), 19556-19559. 
97. Mohamed, M. H.;  Elsaidi, S. K.;  Pham, T.;  Forrest, K. A.;  Tudor, B.;  Wojtas, L.;  
Space, B.; Zaworotko, M. J., Pillar substitution modulates CO2 affinity in “mmo” topology 
networks. Chem. Commun. 2013, 49 (84), 9809-9811. 
98. Chen, B.;  Eddaoudi, M.;  Hyde, S. T.;  Keeffe, M.; Yaghi, O. M., Interwoven 
Metal-Organic Framework on a Periodic Minimal Surface with Extra-Large Pores. Science 
2001, 291 (5506), 1021. 
99. Hafizovic, J.;  Bjørgen, M.;  Olsbye, U.;  Dietzel, P. D. C.;  Bordiga, S.;  Prestipino, C.;  
Lamberti, C.; Lillerud, K. P., The Inconsistency in Adsorption Properties and Powder XRD 
Data of MOF-5 Is Rationalized by Framework Interpenetration and the Presence of Organic 
and Inorganic Species in the Nanocavities. J. Am. Chem. Soc. 2007, 129 (12), 3612-3620. 
100. Scott, H. S.;  Ogiwara, N.;  Chen, K.-J.;  Madden, D. G.;  Pham, T.;  Forrest, K.;  Space, 
B.;  Horike, S.;  Perry Iv, J. J.;  Kitagawa, S.; Zaworotko, M. J., Crystal engineering of a family 
of hybrid ultramicroporous materials based upon interpenetration and dichromate linkers. 
Chem. Sci. 2016, 7 (8), 5470-5476. 
55 
 
101. Bhatt, P. M.;  Belmabkhout, Y.;  Cadiau, A.;  Adil, K.;  Shekhah, O.;  Shkurenko, A.;  
Barbour, L. J.; Eddaoudi, M., A Fine-Tuned Fluorinated MOF Addresses the Needs for Trace 
CO2 Removal and Air Capture Using Physisorption. J. Am. Chem. Soc. 2016, 138 (29), 9301-
9307. 
102. Cadiau, A.;  Belmabkhout, Y.;  Adil, K.;  Bhatt, P. M.;  Pillai, R. S.;  Shkurenko, A.;  
Martineau-Corcos, C.;  Maurin, G.; Eddaoudi, M., Hydrolytically stable fluorinated 
metal-organic frameworks for energy-efficient dehydration. Science 2017, 356 (6339), 731. 
103. Madden, D. G.;  O’Nolan, D.;  Chen, K.-J.;  Hua, C.;  Kumar, A.;  Pham, T.;  Forrest, 
K. A.;  Space, B.;  Perry, J. J.;  Khraisheh, M.; Zaworotko, M. J., Highly selective CO2 removal 
for one-step liquefied natural gas processing by physisorbents. Chem. Commun. 2019, 55 (22), 
3219-3222. 
104. Cui, X.;  Chen, K.;  Xing, H.;  Yang, Q.;  Krishna, R.;  Bao, Z.;  Wu, H.;  Zhou, W.;  
Dong, X.;  Han, Y.;  Li, B.;  Ren, Q.;  Zaworotko, M. J.; Chen, B., Pore chemistry and size 
control in hybrid porous materials for acetylene capture from ethylene. Science 2016, 353 
(6295), 141. 
105. Chen, K.-J.;  Scott, Hayley S.;  Madden, David G.;  Pham, T.;  Kumar, A.;  Bajpai, A.;  
Lusi, M.;  Forrest, Katherine A.;  Space, B.;  Perry, John J.; Zaworotko, Michael J., Benchmark 
C2H2/CO2 and CO2/C2H2 Separation by Two Closely Related Hybrid Ultramicroporous 
Materials. Chem 2016, 1 (5), 753-765. 
106. Cadiau, A.;  Adil, K.;  Bhatt, P. M.;  Belmabkhout, Y.; Eddaoudi, M., A metal-organic 
framework–based splitter for separating propylene from propane. Science 2016, 353 (6295), 
137. 
107. Li, B.;  Cui, X.;  O'Nolan, D.;  Wen, H.-M.;  Jiang, M.;  Krishna, R.;  Wu, H.;  Lin, R.-
B.;  Chen, Y.-S.;  Yuan, D.;  Xing, H.;  Zhou, W.;  Ren, Q.;  Qian, G.;  Zaworotko, M. J.; Chen, 
B., An Ideal Molecular Sieve for Acetylene Removal from Ethylene with Record Selectivity 
and Productivity. Adv. Mater. 2017, 29 (47), 1704210. 
108. Zhang, Z.;  Yang, Q.;  Cui, X.;  Yang, L.;  Bao, Z.;  Ren, Q.; Xing, H., Sorting of C4 
Olefins with Interpenetrated Hybrid Ultramicroporous Materials by Combining Molecular 
Recognition and Size-Sieving. Angew. Chem. Int. Ed. 2017, 56 (51), 16282-16287. 
109. Wen, H.-M.;  Li, L.;  Lin, R.-B.;  Li, B.;  Hu, B.;  Zhou, W.;  Hu, J.; Chen, B., Fine-
tuning of nano-traps in a stable metal–organic framework for highly efficient removal of 
propyne from propylene. J. Mater. Chem. A 2018, 6 (16), 6931-6937. 
110. Yang, L.;  Cui, X.;  Zhang, Z.;  Yang, Q.;  Bao, Z.;  Ren, Q.; Xing, H., An Asymmetric 
Anion-Pillared Metal–Organic Framework as a Multisite Adsorbent Enables Simultaneous 
56 
 
Removal of Propyne and Propadiene from Propylene. Angew. Chem. Int. Ed. 2018, 57 (40), 
13145-13149. 
111. Chen, K.-J.;  Madden, D. G.;  Mukherjee, S.;  Pham, T.;  Forrest, K. A.;  Kumar, A.;  
Space, B.;  Kong, J.;  Zhang, Q.-Y.; Zaworotko, M. J., Synergistic sorbent separation for 
one-step ethylene purification from a four-component mixture. Science 2019, 366 (6462), 241. 
112. Caskey, S. R.;  Wong-Foy, A. G.; Matzger, A. J., Dramatic Tuning of Carbon Dioxide 
Uptake via Metal Substitution in a Coordination Polymer with Cylindrical Pores. J. Am. Chem. 
Soc. 2008, 130 (33), 10870-10871. 
113. Britt, D.;  Furukawa, H.;  Wang, B.;  Glover, T. G.; Yaghi, O. M., Highly efficient 
separation of carbon dioxide by a metal-organic framework replete with open metal sites. Proc. 
Natl. Acad. Sci. 2009, 106 (49), 20637. 
114. Taylor, M. K.;  Runčevski, T.;  Oktawiec, J.;  Bachman, J. E.;  Siegelman, R. L.;  Jiang, 
H.;  Mason, J. A.;  Tarver, J. D.; Long, J. R., Near-Perfect CO2/CH4 Selectivity Achieved 
through Reversible Guest Templating in the Flexible Metal–Organic Framework Co(bdp). J. 
Am. Chem. Soc. 2018, 140 (32), 10324-10331. 
115. Li, H.-P.;  Dou, Z.-D.;  Wang, Y.;  Xue, Y. Y.;  Li, Y. P.;  Hu, M.-C.;  Li, S.-N.;  Jiang, 
Y.-C.; Zhai, Q.-G., Tuning the Pore Surface of an Ultramicroporous Framework for Enhanced 
Methane and Acetylene Purification Performance. Inorg. Chem. 2020, 59 (22), 16725-16736. 
116. Couck, S.;  Gobechiya, E.;  Kirschhock, C. E. A.;  Serra-Crespo, P.;  Juan-Alcañiz, J.;  
Martinez Joaristi, A.;  Stavitski, E.;  Gascon, J.;  Kapteijn, F.;  Baron, G. V.; Denayer, J. F. M., 
Adsorption and Separation of Light Gases on an Amino-Functionalized Metal–Organic 
Framework: An Adsorption and In Situ XRD Study. ChemSusChem 2012, 5 (4), 740-750. 
117. Si, X.;  Jiao, C.;  Li, F.;  Zhang, J.;  Wang, S.;  Liu, S.;  Li, Z.;  Sun, L.;  Xu, F.;  Gabelica, 
Z.; Schick, C., High and selective CO2 uptake, H2storage and methanol sensing on the amine-
decorated 12-connected MOF CAU-1. Energy Environ. Sci. 2011, 4 (11), 4522-4527. 
118. Pei, J.;  Shao, K.;  Wang, J.-X.;  Wen, H.-M.;  Yang, Y.;  Cui, Y.;  Krishna, R.;  Li, B.; 
Qian, G., A Chemically Stable Hofmann-Type Metal−Organic Framework with Sandwich-
Like Binding Sites for Benchmark Acetylene Capture. Adv. Mater. 2020, 32 (24), 1908275. 
119. Peng, Y. L.;  Pham, T.;  Li, P.;  Wang, T.;  Chen, Y.;  Chen, K. J.;  Forrest, K. A.;  
Space, B.;  Cheng, P.; Zaworotko, M. J., Robust ultramicroporous metal–organic frameworks 
with benchmark affinity for acetylene. Angew. Chem. Int. Ed. 2018, 57 (34), 10971-10975. 
120. Zhang, L.;  Jiang, K.;  Li, L.;  Xia, Y.-P.;  Hu, T.-L.;  Yang, Y.;  Cui, Y.;  Li, B.;  Chen, 
B.; Qian, G., Efficient separation of C2H2 from C2H2/CO2 mixtures in an acid–base resistant 
metal–organic framework. Chem. Commun. 2018, 54 (38), 4846-4849. 
57 
 
121. Gao, J.;  Qian, X.;  Lin, R.-B.;  Krishna, R.;  Wu, H.;  Zhou, W.; Chen, B., Mixed 
Metal–Organic Framework with Multiple Binding Sites for Efficient C2H2/CO2 Separation. 
Angew. Chem. Int. Ed. 2020, 59 (11), 4396-4400. 
122. Zhang, L.;  Jiang, K.;  Zhang, J.;  Pei, J.;  Shao, K.;  Cui, Y.;  Yang, Y.;  Li, B.;  Chen, 
B.; Qian, G., Low-Cost and High-Performance Microporous Metal–Organic Framework for 
Separation of Acetylene from Carbon Dioxide. ACS Sustain. Chem. Eng. 2019, 7 (1), 1667-
1672. 
123. Scott, H. S.;  Shivanna, M.;  Bajpai, A.;  Madden, D. G.;  Chen, K.-J.;  Pham, T.;  
Forrest, K. A.;  Hogan, A.;  Space, B.;  Perry Iv, J. J.; Zaworotko, M. J., Highly Selective 
Separation of C2H2 from CO2 by a New Dichromate-Based Hybrid Ultramicroporous Material. 
ACS Appl. Mater. Interfaces 2017, 9 (39), 33395-33400. 
124. Mukherjee, S.;  He, Y.;  Franz, D.;  Wang, S.-Q.;  Xian, W.-R.;  Bezrukov, A. A.;  
Space, B.;  Xu, Z.;  He, J.; Zaworotko, M. J., Halogen–C2H2 Binding in Ultramicroporous 
Metal–Organic Frameworks (MOFs) for Benchmark C2H2/CO2 Separation Selectivity. Chem. 
Eur. J. 2020, 26 (22), 4923-4929. 
125. Yoon, J. W.;  Lee, J. S.;  Lee, S.;  Cho, K. H.;  Hwang, Y. K.;  Daturi, M.;  Jun, C.-H.;  
Krishna, R.; Chang, J.-S., Adsorptive Separation of Acetylene from Light Hydrocarbons by 
Mesoporous Iron Trimesate MIL-100(Fe). Chem. Eur. J. 2015, 21 (50), 18431-18438. 
126. Lee, J.;  Chuah, C. Y.;  Kim, J.;  Kim, Y.;  Ko, N.;  Seo, Y.;  Kim, K.;  Bae, T. H.; Lee, 
E., Separation of Acetylene from Carbon Dioxide and Ethylene by a Water-Stable Microporous 
Metal–Organic Framework with Aligned Imidazolium Groups inside the Channels. Angew. 
Chem. Int. Ed. 2018, 57 (26), 7869-7873. 
127. Wen, H.-M.;  Liao, C.;  Li, L.;  Yang, L.;  Wang, J.;  Huang, L.;  Li, B.;  Chen, B.; Hu, 
J., Reversing C2H2–CO2 adsorption selectivity in an ultramicroporous metal–organic 
framework platform. Chem. Commun. 2019, 55 (76), 11354-11357. 
128. Luo, F.;  Yan, C.;  Dang, L.;  Krishna, R.;  Zhou, W.;  Wu, H.;  Dong, X.;  Han, Y.;  
Hu, T.-L.;  O’Keeffe, M.;  Wang, L.;  Luo, M.;  Lin, R.-B.; Chen, B., UTSA-74: A MOF-74 
Isomer with Two Accessible Binding Sites per Metal Center for Highly Selective Gas 
Separation. J. Am. Chem. Soc. 2016, 138 (17), 5678-5684. 
129. Lv, H.-J.;  Li, Y.-P.;  Xue, Y.-Y.;  Jiang, Y.-C.;  Li, S.-N.;  Hu, M.-C.; Zhai, Q.-G., 
Systematic Regulation of C2H2/CO2 Separation by 3p-Block Open Metal Sites in a Robust 
Metal–Organic Framework Platform. Inorg. Chem. 2020, 59 (7), 4825-4834. 
130. Yao, Z.;  Zhang, Z.;  Liu, L.;  Li, Z.;  Zhou, W.;  Zhao, Y.;  Han, Y.;  Chen, B.;  Krishna, 
R.; Xiang, S., Extraordinary Separation of Acetylene-Containing Mixtures with Microporous 
58 
 
Metal–Organic Frameworks with Open O Donor Sites and Tunable Robustness through 
Control of the Helical Chain Secondary Building Units. Chem. Eur. J. 2016, 22 (16), 5676-
5683. 
131. Dong, Q.;  Guo, Y.;  Cao, H.;  Wang, S.;  Matsuda, R.; Duan, J., Accelerated C2H2/CO2 
Separation by a Se-Functionalized Porous Coordination Polymer with Low Binding Energy. 
ACS Appl. Mater. Interfaces 2020, 12 (3), 3764-3772. 
132. Qazvini, O. T.;  Babarao, R.; Telfer, S. G., Multipurpose Metal–Organic Framework 
for the Adsorption of Acetylene: Ethylene Purification and Carbon Dioxide Removal. 
Chemistry of Materials 2019, 31 (13), 4919-4926. 
133. Xu, T.;  Jiang, Z.;  Liu, P.;  Chen, H.;  Lan, X.;  Chen, D.;  Li, L.; He, Y., Immobilization 
of Oxygen Atoms in the Pores of Microporous Metal–Organic Frameworks for C2H2 
Separation and Purification. ACS Appl. Nano Mater. 2020, 3 (3), 2911-2919. 
134. Fan, W.;  Wang, X.;  Liu, X.;  Xu, B.;  Zhang, X.;  Wang, W.;  Wang, X.;  Wang, Y.;  
Dai, F.;  Yuan, D.; Sun, D., Regulating C2H2 and CO2 Storage and Separation through Pore 
Environment Modification in a Microporous Ni-MOF. ACS Sustain. Chem. Eng. 2019, 7 (2), 
2134-2140. 
135. Liu, R.;  Liu, Q.-Y.;  Krishna, R.;  Wang, W.;  He, C.-T.; Wang, Y.-L., Water-Stable 
Europium 1,3,6,8-Tetrakis(4-carboxylphenyl)pyrene Framework for Efficient C2H2/CO2 
Separation. Inorg. Chem. 2019, 58 (8), 5089-5095. 
136. Li, Y.-P.;  Wang, Y.;  Xue, Y.-Y.;  Li, H.-P.;  Zhai, Q.-G.;  Li, S.-N.;  Jiang, Y.-C.;  Hu, 
M.-C.; Bu, X., Ultramicroporous Building Units as a Path to Bi-microporous Metal–Organic 
Frameworks with High Acetylene Storage and Separation Performance. Angew. Chem. Int. Ed. 
2019, 58 (38), 13590-13595. 
137. Ye, Y.;  Chen, S.;  Chen, L.;  Huang, J.;  Ma, Z.;  Li, Z.;  Yao, Z.;  Zhang, J.;  Zhang, 
Z.; Xiang, S., Additive-Induced Supramolecular Isomerism and Enhancement of Robustness 
in Co(II)-Based MOFs for Efficiently Trapping Acetylene from Acetylene-Containing 
Mixtures. ACS Appl. Mater. Interfaces 2018, 10 (36), 30912-30918. 
138. Ye, Y.;  Ma, Z.;  Lin, R.-B.;  Krishna, R.;  Zhou, W.;  Lin, Q.;  Zhang, Z.;  Xiang, S.; 
Chen, B., Pore Space Partition within a Metal–Organic Framework for Highly Efficient 
C2H2/CO2 Separation. J. Am. Chem. Soc. 2019, 141 (9), 4130-4136. 
139. Cui, H.;  Ye, Y.;  Arman, H.;  Li, Z.;  Alsalme, A.;  Lin, R.-B.; Chen, B., Microporous 
Copper Isophthalate Framework of mot Topology for C2H2/CO2 Separation. Cryst. Growth 
Des. 2019, 19 (10), 5829-5835. 
59 
 
140. Meng, L.;  Yang, L.;  Chen, C.;  Dong, X.;  Ren, S.;  Li, G.;  Li, Y.;  Han, Y.;  Shi, Z.; 
Feng, S., Selective Acetylene Adsorption within an Imino-Functionalized Nanocage-Based 
Metal–Organic Framework. ACS Appl. Mater. Interfaces 2020, 12 (5), 5999-6006. 
141. Jiang, L.;  Wu, N.;  Li, Q.;  Li, J.;  Wu, D.; Li, Y., Heterometallic Strategy for Enhancing 
the Dynamic Separation of C2H2/CO2: A Linear Pentanuclear Cluster-Based Metal–Organic 
Framework. Inorg. Chem. 2019, 58 (7), 4080-4084. 
142. Fan, W.;  Yuan, S.;  Wang, W.;  Feng, L.;  Liu, X.;  Zhang, X.;  Wang, X.;  Kang, Z.;  
Dai, F.;  Yuan, D.;  Sun, D.; Zhou, H.-C., Optimizing Multivariate Metal–Organic Frameworks 
for Efficient C2H2/CO2 Separation. J. Am. Chem. Soc. 2020, 142 (19), 8728-8737. 
143. Zeng, H.;  Xie, M.;  Huang, Y.-L.;  Zhao, Y.;  Xie, X.-J.;  Bai, J.-P.;  Wan, M.-Y.;  
Krishna, R.;  Lu, W.; Li, D., Induced Fit of C2H2 in a Flexible MOF Through Cooperative 
Action of Open Metal Sites. Angew. Chem. Int. Ed. 2019, 58 (25), 8515-8519. 
144. Li, X.-Y.;  Li, Y.-Z.;  Ma, L.-N.;  Hou, L.;  He, C.-Z.;  Wang, Y.-Y.; Zhu, Z., Efficient 
gas and alcohol uptake and separation driven by two types of channels in a porous MOF: an 
experimental and theoretical investigation. J. Mater. Chem. A 2020, 8 (10), 5227-5233. 
145. Chen, B.;  Xie, Y.;  Cui, H.;  Wu, H.;  Lin, R.-B.; Zhou, W., Electrostatically-driven 
Selective Adsorption of Carbon Dioxide over Acetylene in an Ultramicroporous Material. 
Angew. Chem. Int. Ed. 2021, https://doi.org/10.1002/anie.202100584. 
146. Ma, D.-Y.;  li, z.;  Zhu, J.;  Zhou, Y.;  Chen, L.;  Mai, X.;  Liufu, M.;  Wu, Y.; Li, Y., 
Inverse and highly selective separation of CO2/C2H2 on a thulium-organic framework. J. Mater. 
Chem. A 2020, 8 (24), 11933-11937. 
147. Li, L.;  Wang, J.;  Zhang, Z.;  Yang, Q.;  Yang, Y.;  Su, B.;  Bao, Z.; Ren, Q., Inverse 
Adsorption Separation of CO2/C2H2 Mixture in Cyclodextrin-Based Metal–Organic 
Frameworks. ACS Appl. Mater. Interfaces 2019, 11 (2), 2543-2550. 
148. Foo, M. L.;  Matsuda, R.;  Hijikata, Y.;  Krishna, R.;  Sato, H.;  Horike, S.;  Hori, A.;  
Duan, J.;  Sato, Y.;  Kubota, Y.;  Takata, M.; Kitagawa, S., An Adsorbate Discriminatory Gate 
Effect in a Flexible Porous Coordination Polymer for Selective Adsorption of CO2 over C2H2. 
J. Am. Chem. Soc. 2016, 138 (9), 3022-3030. 
149. O’Nolan, D.;  Kumar, A.;  Chen, K.-J.;  Mukherjee, S.;  Madden, D. G.; Zaworotko, M. 
J., Finding the Optimal Balance between the Pore Size and Pore Chemistry in Hybrid 




150. Zhang, Z.;  Cui, X.;  Yang, L.;  Cui, J.;  Bao, Z.;  Yang, Q.; Xing, H., 
Hexafluorogermanate (GeFSIX) anion-functionalized hybrid ultramicroporous materials for 
efficiently trapping acetylene from ethylene. Ind. Eng. Chem. Res. 2018, 57 (21), 7266-7274. 
151. Wang, J.;  Li, L.;  Guo, L.;  Zhao, Y.;  Xie, D.;  Zhang, Z.;  Yang, Q.;  Yang, Y.;  Bao, 
Z.; Ren, Q., Adsorptive Separation of Acetylene from Ethylene in Isostructural Gallate-Based 
Metal–Organic Frameworks. Chem. Eur. J. 2019, 25 (68), 15516-15524. 
152. Yang, L.;  Jin, A.;  Ge, L.;  Cui, X.; Xing, H., A novel interpenetrated anion-pillared 
porous material with high water tolerance afforded efficient C2H2/C2H4 separation. Chem. 
Commun. 2019, 55 (34), 5001-5004. 
153. Zheng, F.;  Guo, L.;  Gao, B.;  Li, L.;  Zhang, Z.;  Yang, Q.;  Yang, Y.;  Su, B.;  Ren, 
Q.; Bao, Z., Engineering the Pore Size of Pillared-Layer Coordination Polymers Enables 
Highly Efficient Adsorption Separation of Acetylene from Ethylene. ACS Appl. Mater. 
Interfaces 2019, 11 (31), 28197-28204. 
154. Jin, G.-X.;  Niu, X.;  Wang, J.;  Ma, J.-P.;  Hu, T.-L.; Dong, Y.-B., APPT-Cd MOF: 
Acetylene Adsorption Mechanism and Its Highly Efficient Acetylene/Ethylene Separation at 
Room Temperature. Chem. Mater. 2018, 30 (21), 7433-7437. 
155. Hu, T.-L.;  Wang, H.;  Li, B.;  Krishna, R.;  Wu, H.;  Zhou, W.;  Zhao, Y.;  Han, Y.;  
Wang, X.;  Zhu, W.;  Yao, Z.;  Xiang, S.; Chen, B., Microporous metal–organic framework 
with dual functionalities for highly efficient removal of acetylene from ethylene/acetylene 
mixtures. Nat. Commun. 2015, 6 (1), 7328. 
156. Li, H.;  Li, L.;  Lin, R.-B.;  Ramirez, G.;  Zhou, W.;  Krishna, R.;  Zhang, Z.;  Xiang, 
S.; Chen, B., Microporous Metal–Organic Framework with Dual Functionalities for Efficient 
Separation of Acetylene from Light Hydrocarbon Mixtures. ACS Sustain. Chem. Eng. 2019, 7 
(5), 4897-4902. 
157. Li, J.;  Jiang, L.;  Chen, S.;  Kirchon, A.;  Li, B.;  Li, Y.; Zhou, H.-C., Metal–Organic 
Framework Containing Planar Metal-Binding Sites: Efficiently and Cost-Effectively 
Enhancing the Kinetic Separation of C2H2/C2H4. J. Am. Chem. Soc. 2019, 141 (9), 3807-3811. 
158. Wang, H.-H.;  Liu, Q.-Y.;  Li, L.;  Krishna, R.;  Wang, Y.-L.;  Peng, X.-W.;  He, C.-T.;  
Lin, R.-B.; Chen, B., Nickel-4′-(3,5-dicarboxyphenyl)-2,2′,6′,2″-terpyridine Framework: 
Efficient Separation of Ethylene from Acetylene/Ethylene Mixtures with a High Productivity. 
Inorg. Chem. 2018, 57 (15), 9489-9494. 
159. Yu, F.;  Hu, B.-Q.;  Wang, X.-N.;  Zhao, Y.-M.;  Li, J.-L.;  Li, B.; Zhou, H.-C., 
Enhancing the separation efficiency of a C2H2/C2H4 mixture by a chromium metal–organic 
framework fabricated via post-synthetic metalation. J. Mater. Chem. A 2020, 8 (4), 2083-2089. 
61 
 
160. Yang, S.;  Ramirez-Cuesta, A. J.;  Newby, R.;  Garcia-Sakai, V.;  Manuel, P.;  Callear, 
S. K.;  Campbell, S. I.;  Tang, C. C.; Schröder, M., Supramolecular binding and separation of 
hydrocarbons within a functionalized porous metal–organic framework. Nat. Chem. 2015, 7 
(2), 121-129. 
161. Bloch, E. D.;  Queen, W. L.;  Krishna, R.;  Zadrozny, J. M.;  Brown, C. M.; Long, J. 
R., Hydrocarbon Separations in a Metal-Organic Framework with Open Iron(II) Coordination 
Sites. Science 2012, 335 (6076), 1606. 
162. Zaworotko, M.;  Mukherjee, S.;  Chen, S.;  Bezrukov, A.;  Mostrom, M.;  Terskikh, V.;  
Franz, D.;  Wang, S.;  Chen, M.;  Kumar, A.;  Huang, Y.; Space, B., Ultramicropore engineering 
by dehydration to enable molecular sieving of H2 by calcium trimesate. Angew. Chem. Int. Ed. 
2020, 59 (37), 16188-16194. 
163. Li, L.;  Lin, R.-B.;  Krishna, R.;  Li, H.;  Xiang, S.;  Wu, H.;  Li, J.;  Zhou, W.; Chen, 
B., Ethane/ethylene separation in a metal-organic framework with iron-peroxo sites. Science 
2018, 362 (6413), 443-446. 
164. Plonka, A. M.;  Chen, X.;  Wang, H.;  Krishna, R.;  Dong, X.;  Banerjee, D.;  Woerner, 
W. R.;  Han, Y.;  Li, J.; Parise, J. B., Light Hydrocarbon Adsorption Mechanisms in Two 
Calcium-Based Microporous Metal Organic Frameworks. Chem. Mater. 2016, 28 (6), 
1636-1646. 
165. Liao, P.-Q.;  Zhang, W.-X.;  Zhang, J.-P.; Chen, X.-M., Efficient purification of ethene 
by an ethane-trapping metal-organic framework. Nat. Commun. 2015, 6 (1), 8697. 
166. Qazvini, O. T.;  Babarao, R.;  Shi, Z.-L.;  Zhang, Y.-B.; Telfer, S. G., A Robust 
Ethane-Trapping Metal–Organic Framework with a High Capacity for Ethylene Purification. 
J. Am. Chem. Soc. 2019, 141 (12), 5014-5020. 
167. He, C.;  Wang, Y.;  Chen, Y.;  Wang, X.;  Yang, J.;  Li, L.; Li, J., Direct 
Functionalization of the Open Metal Sites in Rare Earth-Based Metal–Organic Frameworks 
Used for the Efficient Separation of Ethylene. Ind. Eng. Chem. Res. 2020, 59 (13), 6123-6129. 
168. Chen, Y.;  Qiao, Z.;  Wu, H.;  Lv, D.;  Shi, R.;  Xia, Q.;  Zhou, J.; Li, Z., An 
ethane-trapping MOF PCN-250 for highly selective adsorption of ethane over ethylene. Chem. 
Eng. Sci. 2018, 175, 110-117. 
169. Hartmann, M.;  Böhme, U.;  Hovestadt, M.; Paula, C., Adsorptive Separation of 
Olefin/Paraffin Mixtures with ZIF-4. Langmuir 2015, 31 (45), 12382-12389. 
170. Zeng, H.;  Xie, X.-J.;  Xie, M.;  Huang, Y.-L.;  Luo, D.;  Wang, T.;  Zhao, Y.;  Lu, W.; 
Li, D., Cage-Interconnected Metal–Organic Framework with Tailored Apertures for Efficient 
62 
 
C2H6/C2H4 Separation under Humid Conditions. J. Am. Chem. Soc. 2019, 141 (51), 
20390-20396. 
171. Gücüyener, C.;  van den Bergh, J.;  Gascon, J.; Kapteijn, F., Ethane/Ethene Separation 
Turned on Its Head: Selective Ethane Adsorption on the Metal−Organic Framework ZIF-7 
through a Gate-Opening Mechanism. J. Am. Chem. Soc. 2010, 132 (50), 17704-17706. 
172. Chen, Y.;  Wu, H.;  Lv, D.;  Shi, R.;  Chen, Y.;  Xia, Q.; Li, Z., Highly Adsorptive 
Separation of Ethane/Ethylene by An Ethane-Selective MOF MIL-142A. Ind. Eng. Chem. Res. 
2018, 57 (11), 4063-4069. 
173. Xu, Z.;  Xiong, X.;  Xiong, J.;  Krishna, R.;  Li, L.;  Fan, Y.;  Luo, F.; Chen, B., A 
robust Th-azole framework for highly efficient purification of C2H4 from a C2H4/C2H2/C2H6 
mixture. Nat. Commun. 2020, 11 (1), 3163. 
174. Yang, L.;  Wang, Y.;  Chen, Y.;  Yang, J.;  Wang, X.;  Li, L.; Li, J., Microporous 
metal-organic framework with specific functional sites for efficient removal of ethane from 
ethane/ethylene mixtures. Chem. Eng. J. 2020, 387, 124137. 
175. Wu, H.;  Chen, Y.;  Lv, D.;  Shi, R.;  Chen, Y.;  Li, Z.; Xia, Q., An indium-based 
ethane-trapping MOF for efficient selective separation of C2H6/C2H4 mixture. Sep. Purif. 
Technol. 2019, 212, 51-56. 
176. Hao, H.-G.;  Zhao, Y.-F.;  Chen, D.-M.;  Yu, J.-M.;  Tan, K.;  Ma, S.;  Chabal, Y.;  
Zhang, Z.-M.;  Dou, J.-M.;  Xiao, Z.-H.;  Day, G.;  Zhou, H.-C.; Lu, T.-B., Simultaneous 
Trapping of C2H2 and C2H6 from a Ternary Mixture of C2H2/C2H4/C2H6 in a Robust 
Metal-Organic Framework for the Purification of C2H4. Angew. Chem. Int. Ed. 2018, 57 (49), 
16067-16071. 
177. Peng, Y.-L.;  Wang, T.;  Jin, C.;  Li, P.;  Suepaul, S.;  Beemer, G.;  Chen, Y.;  Krishna, 
R.;  Cheng, P.;  Pham, T.;  Space, B.;  Zaworotko, M. J.; Zhang, Z., A robust heterometallic 
ultramicroporous MOF with ultrahigh selectivity for propyne/propylene separation. J. Mater. 
Chem. A 2021, 9 (5), 2850-2856. 
178. Peng, Y.-L.;  He, C.;  Pham, T.;  Wang, T.;  Li, P.;  Krishna, R.;  Forrest, K. A.;  Hogan, 
A.;  Suepaul, S.;  Space, B.;  Fang, M.;  Chen, Y.;  Zaworotko, M. J.;  Li, J.;  Li, L.;  Zhang, 
Z.;  Cheng, P.; Chen, B., Robust Microporous Metal–Organic Frameworks for Highly Efficient 
and Simultaneous Removal of Propyne and Propadiene from Propylene. Angew. Chem. Int. Ed. 
2019, 58 (30), 10209-10214. 
179. Yang, L.;  Cui, X.;  Zhang, Y.;  Yang, Q.; Xing, H., A highly sensitive flexible 
metal-organic framework sets a new benchmark for separating propyne from propylene. J. 
Mater. Chem. A 2018, 6 (47), 24452-24458. 
63 
 
180. Yang, L.;  Cui, X.;  Yang, Q.;  Qian, S.;  Wu, H.;  Bao, Z.;  Zhang, Z.;  Ren, Q.;  Zhou, 
W.;  Chen, B.; Xing, H., A Single-Molecule Propyne Trap: Highly Efficient Removal of 
Propyne from Propylene with Anion-Pillared Ultramicroporous Materials. Adv. Mater. 2018, 
30 (10), 1705374. 
181. Li, Z.;  Li, L.;  Guo, L.;  Wang, J.;  Yang, Q.;  Zhang, Z.;  Yang, Y.;  Bao, Z.; Ren, Q., 
Gallate-Based Metal–Organic Frameworks for Highly Efficient Removal of Trace Propyne 
from Propylene. Ind. Eng. Chem. Res. 2020, 59 (30), 13716-13723. 
182. Li, L.;  Guo, L.;  Zheng, F.;  Zhang, Z.;  Yang, Q.;  Yang, Y.;  Ren, Q.; Bao, Z., 
Calcium-Based Metal–Organic Framework for Simultaneous Capture of Trace Propyne and 
Propadiene from Propylene. ACS Appl. Mater. Interfaces 2020, 12 (14), 17147-17154. 
183. Lin, Z.-T.;  Liu, Q.-Y.;  Yang, L.;  He, C.-T.;  Li, L.; Wang, Y.-L., Fluorinated 
Biphenyldicarboxylate-Based Metal–Organic Framework Exhibiting Efficient 
Propyne/Propylene Separation. Inorg. Chem. 2020, 59 (6), 4030-4036. 
184. Li, L.;  Wen, H.-M.;  He, C.;  Lin, R.-B.;  Krishna, R.;  Wu, H.;  Zhou, W.;  Li, J.;  Li, 
B.; Chen, B., A Metal–Organic Framework with Suitable Pore Size and Specific Functional 
Sites for the Removal of Trace Propyne from Propylene. Angew. Chem. Int. Ed. 2018, 57 (46), 
15183-15188. 
185. Li, L.;  Lin, R.-B.;  Wang, X.;  Zhou, W.;  Jia, L.;  Li, J.; Chen, B., Kinetic separation 
of propylene over propane in a microporous metal-organic framework. Chem. Eng. J. 2018, 
354, 977-982. 
186. Bae, Y.-S.;  Lee, C. Y.;  Kim, K. C.;  Farha, O. K.;  Nickias, P.;  Hupp, J. T.;  Nguyen, 
S. T.; Snurr, R. Q., High Propene/Propane Selectivity in Isostructural Metal–Organic 
Frameworks with High Densities of Open Metal Sites. Angew. Chem. Int. Ed. 2012, 51 (8), 
1857-1860. 
187. Wu, H.;  Yuan, Y.;  Chen, Y.;  Xu, F.;  Lv, D.;  Wu, Y.;  Li, Z.; Xia, Q., Efficient 
adsorptive separation of propene over propane through a pillar-layer cobalt-based 
metal-organic framework. AIChE J. 2020, 66 (4), e16858. 
188. Yoon, J. W.;  Seo, Y.-K.;  Hwang, Y. K.;  Chang, J.-S.;  Leclerc, H.;  Wuttke, S.;  Bazin, 
P.;  Vimont, A.;  Daturi, M.;  Bloch, E.;  Llewellyn, P. L.;  Serre, C.;  Horcajada, P.;  Grenèche, 
J.-M.;  Rodrigues, A. E.; Férey, G., Controlled Reducibility of a Metal–Organic Framework 
with Coordinatively Unsaturated Sites for Preferential Gas Sorption. Angew. Chem. Int. Ed. 
2010, 49 (34), 5949-5952. 
189. Wang, Y.;  Huang, N.-Y.;  Zhang, X.-W.;  He, H.;  Huang, R.-K.;  Ye, Z.-M.;  Li, Y.;  
Zhou, D.-D.;  Liao, P.-Q.;  Chen, X.-M.; Zhang, J.-P., Selective Aerobic Oxidation of a 
64 
 
Metal-Organic Framework Boosts Thermodynamic and Kinetic Propylene/Propane 
Selectivity. Angew. Chem. Int. Ed. 2019, 58 (23), 7692-7696. 
190. Wang, H.;  Dong, X.;  Colombo, V.;  Wang, Q.;  Liu, Y.;  Liu, W.;  Wang, X.-L.;  
Huang, X.-Y.;  Proserpio, D. M.;  Sironi, A.;  Han, Y.; Li, J., Tailor-Made Microporous 
Metal-Organic Frameworks for the Full Separation of Propane from Propylene Through 
Selective Size Exclusion. Adv. Mater. 2018, 30 (49), 1805088. 
191. Kishida, K.;  Okumura, Y.;  Watanabe, Y.;  Mukoyoshi, M.;  Bracco, S.;  Comotti, A.;  
Sozzani, P.;  Horike, S.; Kitagawa, S., Recognition of 1,3-Butadiene by a Porous Coordination 
Polymer. Angew. Chem. Int. Ed. 2016, 55 (44), 13784-13788. 
192. Mukherjee, S.;  Manna, B.;  Desai, A. V.;  Yin, Y.;  Krishna, R.;  Babarao, R.; Ghosh, 
S. K., Harnessing Lewis acidic open metal sites of metal–organic frameworks: the foremost 
route to achieve highly selective benzene sorption over cyclohexane. Chem. Commun. 2016, 
52 (53), 8215-8218. 
193. Karmakar, A.;  Desai, A. V.;  Manna, B.;  Joarder, B.; Ghosh, S. K., An Amide-
Functionalized Dynamic Metal–Organic Framework Exhibiting Visual Colorimetric Anion 
Exchange and Selective Uptake of Benzene over Cyclohexane. Chem. Eur. J. 2015, 21 (19), 
7071-7076. 
194. Hijikata, Y.;  Horike, S.;  Sugimoto, M.;  Sato, H.;  Matsuda, R.; Kitagawa, S., 
Relationship between Channel and Sorption Properties in Coordination Polymers with 
Interdigitated Structures. Chem. Eur. J. 2011, 17 (18), 5138-5144. 
195. Sapianik, A. A.;  Kovalenko, K. A.;  Samsonenko, D. G.;  Barsukova, M. O.;  Dybtsev, 
D. N.; Fedin, V. P., Exceptionally effective benzene/cyclohexane separation using a 
nitro-decorated metal–organic framework. Chem. Commun. 2020, 56 (59), 8241-8244. 
196. Manna, B.;  Mukherjee, S.;  Desai, A. V.;  Sharma, S.;  Krishna, R.; Ghosh, S. K., A π-
electron deficient diaminotriazine functionalized MOF for selective sorption of benzene over 
cyclohexane. Chem. Commun. 2015, 51 (84), 15386-15389. 
197. Li, G.;  Zhu, C.;  Xi, X.; Cui, Y., Selective binding and removal of organic molecules 
in a flexible polymeric material with stretchable metallosalen chains. Chem. Commun. 2009,  
(16), 2118-2120. 
198. Shimomura, S.;  Matsuda, R.; Kitagawa, S., Flexibility of Porous Coordination 




199. Santra, A.;  Francis, M.;  Parshamoni, S.; Konar, S., Nanoporous Cu(I) Metal–Organic 
Framework: Selective Adsorption of Benzene and Luminescence Sensing of Nitroaromatics. 
ChemistrySelect 2017, 2 (10), 3200-3206. 
200. Kondo, A.;  Suzuki, T.;  Kotani, R.; Maeda, K., Liquid/vapor-induced reversible 
dynamic structural transformation of a three-dimensional Cu-based MOF to a one-dimensional 
MOF showing gate adsorption. Dalton Trans. 2017, 46 (20), 6762-6768. 
201. Lv, D.;  Wang, H.;  Chen, Y.;  Xu, F.;  Shi, R.;  Liu, Z.;  Wang, X.;  Teat, S. J.;  Xia, 
Q.;  Li, Z.; Li, J., Iron-Based Metal–Organic Framework with Hydrophobic Quadrilateral 
Channels for Highly Selective Separation of Hexane Isomers. ACS Appl. Mater. Interfaces 
2018, 10 (6), 6031-6038. 
202. Bárcia, P. S.;  Silva, J. A. C.; Rodrigues, A. E., Multicomponent sorption of hexane 
isomers in zeolite BETA. AIChE J. 2007, 53 (8), 1970-1981. 
203. Mendes, P. A. P.;  Rodrigues, A. E.;  Horcajada, P.;  Eubank, J.;  Devic, T.;  Serre, C.; 
Silva, J. A. C., Separation of Hexane Isomers on Rigid Porous Metal Carboxylate-Based 
Metal—Organic Frameworks. Adsorpt. Sci. Technol. 2014, 32 (6), 475-488. 
204. Mendes, P. A. P.;  Rodrigues, A. E.;  Horcajada, P.;  Serre, C.; Silva, J. A. C., Single 
and multicomponent adsorption of hexane isomers in the microporous ZIF-8. Microporous 
Mesoporous Mater. 2014, 194, 146-156. 
205. Lusi, M.; Barbour, L. J., Solid–Vapor Sorption of Xylenes: Prioritized Selectivity as a 
Means of Separating All Three Isomers Using a Single Substrate. Angew. Chem. Int. Ed. 2012, 
51 (16), 3928-3931. 
206. Kałuża, A. M.;  Mukherjee, S.;  Wang, S.-Q.;  O’Hearn, D. J.; Zaworotko, M. J., 
[Cu(4-phenylpyridine)4(trifluoromethanesulfonate)2], a Werner complex that exhibits high 
selectivity for o-xylene. Chem. Commun. 2020, 56 (13), 1940-1943. 
207. Alaerts, L.;  Maes, M.;  Giebeler, L.;  Jacobs, P. A.;  Martens, J. A.;  Denayer, J. F. M.;  
Kirschhock, C. E. A.; De Vos, D. E., Selective Adsorption and Separation of ortho-Substituted 
Alkylaromatics with the Microporous Aluminum Terephthalate MIL-53. J. Am. Chem. Soc. 
2008, 130 (43), 14170-14178. 
208. Alaerts, L.;  Kirschhock, C. E. A.;  Maes, M.;  van der Veen, M. A.;  Finsy, V.;  Depla, 
A.;  Martens, J. A.;  Baron, G. V.;  Jacobs, P. A.;  Denayer, J. F. M.; De Vos, D. E., Selective 
Adsorption and Separation of Xylene Isomers and Ethylbenzene with the Microporous 
Vanadium(IV) Terephthalate MIL-47. Angew. Chem. Int. Ed. 2007, 46 (23), 4293-4297. 
209. Agrawal, M.;  Bhattacharyya, S.;  Huang, Y.;  Jayachandrababu, K. C.;  Murdock, C. 
R.;  Bentley, J. A.;  Rivas-Cardona, A.;  Mertens, M. M.;  Walton, K. S.;  Sholl, D. S.; Nair, S., 
66 
 
Liquid-Phase Multicomponent Adsorption and Separation of Xylene Mixtures by Flexible 
MIL-53 Adsorbents. J. Phys. Chem. C 2018, 122 (1), 386-397. 
210. Moreira, M. A.;  Santos, J. C.;  Ferreira, A. F. P.;  Loureiro, J. M.;  Ragon, F.;  
Horcajada, P.;  Shim, K.-E.;  Hwang, Y.-K.;  Lee, U. H.;  Chang, J.-S.;  Serre, C.; Rodrigues, 
A. E., Reverse Shape Selectivity in the Liquid-Phase Adsorption of Xylene Isomers in 
Zirconium Terephthalate MOF UiO-66. Langmuir 2012, 28 (13), 5715-5723. 
211. Niekiel, F.;  Lannoeye, J.;  Reinsch, H.;  Munn, A. S.;  Heerwig, A.;  Zizak, I.;  Kaskel, 
S.;  Walton, R. I.;  de Vos, D.;  Llewellyn, P.;  Lieb, A.;  Maurin, G.; Stock, N., Conformation-
Controlled Sorption Properties and Breathing of the Aliphatic Al-MOF [Al(OH)(CDC)]. Inorg. 
Chem. 2014, 53 (9), 4610-4620. 
212. Gu, Z.-Y.;  Jiang, D.-Q.;  Wang, H.-F.;  Cui, X.-Y.; Yan, X.-P., Adsorption and 
Separation of Xylene Isomers and Ethylbenzene on Two Zn−Terephthalate Metal−Organic 
Frameworks. Journal Phys. Chem. C 2010, 114 (1), 311-316. 
213. Rasouli, M.;  Yaghobi, N.;  Chitsazan, S.; Sayyar, M. H., Influence of monovalent 
cations ion-exchange on zeolite ZSM-5 in separation of para-xylene from xylene mixture. 
Microporous Mesoporous Mater. 2012, 150, 47-54. 
214. Rasouli, M.;  Yaghobi, N.;  Allahgholipour, F.; Atashi, H., Para-xylene adsorption 
separation process using nano-zeolite Ba-X. Chem. Eng. Res. Des. 2014, 92 (6), 1192-1199. 
215. Rasouli, M.;  Yaghobi, N.;  Movassaghi Gilani, S. Z.;  Atashi, H.; Rasouli, M., Influence 
of monovalent alkaline metal cations on binder-free nano-zeolite X in para-xylene separation. 
Chin. J. Chem. Eng. 2015, 23 (1), 64-70. 
216. Vermoortele, F.;  Maes, M.;  Moghadam, P. Z.;  Lennox, M. J.;  Ragon, F.;  Boulhout, 
M.;  Biswas, S.;  Laurier, K. G. M.;  Beurroies, I.;  Denoyel, R.;  Roeffaers, M.;  Stock, N.;  
Düren, T.;  Serre, C.; De Vos, D. E., p-Xylene-Selective Metal–Organic Frameworks: A Case 
of Topology-Directed Selectivity. J. Am. Chem. Soc. 2011, 133 (46), 18526-18529. 
217. Rasouli, M.;  Yaghobi, N.;  Chitsazan, S.; Sayyar, M. H., Effect of nanocrystalline 
zeolite Na-Y on meta-xylene separation. Microporous Mesoporous Mater. 2012, 152, 141-147. 
218. Trens, P.;  Belarbi, H.;  Shepherd, C.;  Gonzalez, P.;  Ramsahye, N. A.;  Lee, U. H.;  
Seo, Y.-K.; Chang, J.-S., Adsorption and separation of xylene isomers vapors onto the 
chromium terephthalate-based porous material MIL-101(Cr): An experimental and 
computational study. Microporous Mesoporous Mater. 2014, 183, 17-22. 
219. Gu, Z.-Y.; Yan, X.-P., Metal–Organic Framework MIL-101 for High-Resolution Gas-
Chromatographic Separation of Xylene Isomers and Ethylbenzene. Angew. Chem. Int. Ed. 
2010, 49 (8), 1477-1480. 
67 
 
220. Cui, W.-G.;  Hu, T.-L.; Bu, X.-H., Metal–Organic Framework Materials for the 
Separation and Purification of Light Hydrocarbons. Adv. Mater. 2020, 32 (3), 1806445. 
221. Queen, W. L.;  Brown, C. M.;  Britt, D. K.;  Zajdel, P.;  Hudson, M. R.; Yaghi, O. M., 
Site-Specific CO2 Adsorption and Zero Thermal Expansion in an Anisotropic Pore Network. 
J. Phys. Chem. C 2011, 115 (50), 24915-24919. 
222. Wen, H.-M.;  Li, B.;  Wang, H.;  Krishna, R.; Chen, B., High acetylene/ethylene 
separation in a microporous zinc(ii) metal–organic framework with low binding energy. Chem. 
Commun. 2016, 52 (6), 1166-1169. 
223. Mukherjee, S.;  Desai, A. V.; Ghosh, S. K., Potential of metal–organic frameworks for 
adsorptive separation of industrially and environmentally relevant liquid mixtures. Coord. 
Chem. Rev. 2018, 367, 82-126. 
224. Song, B.-Q.;  Yang, Q.-Y.;  Wang, S.-Q.;  Vandichel, M.;  Kumar, A.;  Crowley, C.;  
Kumar, N.;  Deng, C.-H.;  GasconPerez, V.;  Lusi, M.;  Wu, H.;  Zhou, W.; Zaworotko, M. J., 
Reversible Switching between Nonporous and Porous Phases of a New SIFSIX Coordination 
Network Induced by a Flexible Linker Ligand. J. Am. Chem. Soc. 2020, 142 (15), 6896-6901. 
225. Lin, R.-B.;  Xiang, S.;  Zhou, W.; Chen, B., Microporous Metal-Organic Framework 


















Chapter Two: Crystal engineering of a rectangular sql coordination 
network to enable xylenes selectivity over ethylbenzene 
 
2.1 Aim of the Chapter 
Separation of the C8 aromatic isomers, p-xylene (PX), m-xylene (MX), o-xylene (OX) and 
ethylbenzene (EB), is relevant thanks to their widespread application as chemical feedstocks 
but challenging because of their similar boiling points and close molecular dimensions. 
Physisorptive separation could offer an energy-efficient solution to this challenge but sorbents 
which exhibit strong selectivity for one of the isomers remain a largely unmet challenge despite 
recent reports of OX or PX selective sorbents with high uptake capacity. For example, the 
square lattice, sql, topology coordination network [Co(bpy)2(NCS)2]n (sql-1-Co-NCS) 
exhibits the rare combination of high OX selectivity and high uptake capacity. Herein we report 
that a crystal engineering approach enabled isolation of the mixed-linker sql coordination 
network [Co(bpy)(bptz)(NCS)2]n (sql-1,3-Co-NCS, bpy = 4,4’-bpyridine, bptz = 4,4’-bis(4-
pyridyl)tetrazine) and study of its C8 vapour and liquid sorption properties. sql-1,3-Co-NCS 
was found to exhibit high adsorption capacity from liquid xylenes (~ 37 wt%) and is to our 
knowledge the first sorbent to exhibit high selectivity for each of xylene isomer over EB 
(SOX/EB, SMX/EB, SPX/EB > 5). Insights into the performance of sql-1,3-Co-NCS are gained from 
structural studies which reveal stacking interactions between electron-deficient bptz linkers and 
the respective xylenes. sql-1,3-Co-NCS is the first N-donor mixed-linker sql coordination 
network studied for its gas/vapour sorption properties and represents a large and diverse class 
of understudied coordination networks. 
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2.2 Note to Readers 
This chapter has been previously published as an open access article and reproduced from 
Chem. Sci., 2020, 11, 6889-6895 with permission from Royal Society of Chemistry. Naveen 
Kumar designed, synthesized, and characterized all compounds. Shi-Qiang Wang carried out 
the vapour sorption experiments, and C8 aromatics separation studies. Andrey A. Bezrukov 
carried out the survey of TOPOS TTO∩CSD database and indexing PXRD patterns. Mei-Hui 
Yu and Ze Chang helped to investigate in situ PXRD studies. All the authors contributed to the 
writing and/or editing of the manuscript. 
2.3 Introduction 
Separation of C8 aromatics, p-xylene (PX), m-xylene (MX), o-xylene (OX) and ethylbenzene 
(EB), represents one of the seven industrially critical separation processes “to change the 
world”.1 Whereas C8 aromatic mixtures have utility as anti-knocking additives in gasoline and 
as solvents for synthetic chemistry, each of the pure isomers are individually relevant:2 PX is 
used to manufacture polyethylene terephthalate (PET) and polybutylene terephthalate (PBT); 
MX is the precursor for isophthalic acid and isophthalic nitrite; OX is converted to phthalic 
anhydride, an intermediate to coatings and plasticisers; EB is a petrochemical intermediate in 
production of the resin monomer styrene by dehydrogenation. EB also has utility in the 
pharmaceutical industry, e.g. as a starting material for the drug substances synthomycin and 
chloramphenicol. The similar molecular sizes and boiling points of C8 aromatics make their 
separation difficult and energy intensive. Further, formation of eutectics handicaps 
crystallisation as a purification tool.2 Distillation is only somewhat feasible for OX removal as 
it has a relatively high boiling point of 144 °C (PX: 138 °C, MX: 139 °C and EB: 136 °C).3  
In this context, adsorption based technology involving physisorbents is recognised as 
offering the potential for reducing the energy footprint of C8 purification.4, 5 However, the 
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state-of-the-art, FAU zeolites, suffer from limited working capacity (~ 10%) and selectivity (~ 
5).6 There is a need for new approaches6, 7 as exemplified by Cooper’s group, which 
demonstrated that a flexible pillar[n]arene exhibited near-ideal PX selectivity. However, the 
high selectivity was mitigated by low uptake.8 
Metal-organic materials (MOMs),9 also known as metal-organic frameworks (MOFs)10 
or porous coordination polymers (PCPs),11 have attracted attention thanks to their potential 
utility in fields such as gas storage/separation, sensing and catalysis.12-14 That MOMs are 
modular enables a crystal engineering approach to gain control over the structure of families 
of related materials to enable systematic structure/property studies.15, 16 In the context of C8 
separation, Werner complexes can exhibit OX preference,17, 18 while Bu and co-workers’ 
reported that an L-shaped Ag(I) molecular complex offers benchmark PX selectivity.19 
Unfortunately, these “0D materials” lack the combination of high selectivity (> 5) and high 
working capacity (> 50 wt%).20 Recently, we reported that the previously known coordination 
network (net) sql-1-Co-NCS can behave as a switching adsorbent layered material (SALMA). 
This square lattice (sql) topology net was observed to exhibit benchmark OX capacity (> 85 
wt%) and OX/EB selectivity (e.g. SOX/EB > 60).
20 sql-1-Co-NCS exhibits switching behaviour 
as revealed by Type F-IV isotherms21 that are induced by different C8 isomers at different 
switching pressures.20 We attributed the high working capacity of sql-1-Co-NCS to its ability 
to switch between closed and open phases in a manner similar to that of clays. Switching 
behaviour in sql nets was first reported for the related sql net [Cu(bpy)2(BF4)2]n, ELM-11, 
which was observed to exhibit switching in the presence of gases such as CH4, CO2, C2H2, N2, 
O2 and n-butane.
22, 23 Surprisingly, sql nets remain underexplored with respect to 
gas/vapour/liquid storage and separation, particularly with respect to C8 aromatics. The linker 
ligands in sql nets typically define pore size/chemistry24 and linkers such as 
4,4’-bis(4-pyridyl)tetrazine (bptz) contain electron-deficient tetrazine rings which are expected 
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to enhance π∙∙∙π interactions with aromatic hydrocarbons.25, 26 Herein, we report that a crystal 
engineering strategy24 involving the use of mixed linker ligands can indeed change pore 
size/chemistry of sql nets and profoundly affect selectivity for C8 aromatics.  
sql nets represent 45.09% of reported 2D coordination networks27 thanks mainly to 
diverse linker ligand libraries (see Appendix A,  Figure A1). The three most widely used types 
of linker ligand are as follows: N-donor only (e.g. bpy); dicarboxylate (e.g. 
1,4-benzenedicarboxylate); N-donor-carboxylate bidentate (e.g. isonicotinate). They offer 
three families of single-linker or “Type I” sql nets (Figure 2.1, left). However, there are also 
 
Figure 2.1. Classification of sql nets based upon single-linker (Type I, left) and mixed-linker 
(Type II, right) ligands. Type I sql nets can be sub-classified according to common linker types 
as follows: Type I-a = N-donor only; Type I-b = carboxylate donor only; Type I-c = 
(N-donor-carboxylate bidentate). Type II sql nets comprise two different linkers and can be 
sub-classified as follows: Type II-a = N-donor linker 1 + N-donor linker 2; Type II-b = 
dicarboxylate linker 1 + dicarboxylate linker 2; Type II-c = (N-donor-carboxylate bidentate) 
linker 1 + (N-donor-carboxylate bidentate) linker 2; Type II-ab = N-donor linker + 
dicarboxylate linker; Type II-ac = N-donor linker + (N-donor-carboxylate bidentate) linker; 
Type II-bc = dicarboxylate linker + (N-donor-carboxylate bidentate) linker. 
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six families of mixed-linker or “Type II” sql nets (Figure 2.1, right), all of which were 
introduced28-33 after the single-linker variants (Figure A2).34-36 Importantly, Type II sql nets 
are amenable to substitution of both linker ligands and their cavities tend to be rectangular 
rather than square. A survey of the TOPOS TTO∩CSD37, 38 database (see Appendix A) 
revealed that most sql nets (> 57%) are Type I and that there are relatively few Type II nets 
with the exception of Type II-ab (1379 entries) (Figures A3, A4 and Tables A1−A5). That Type 
II sql nets will offer different pore size and chemistry prompted us to prepare a new Type II-a 
net, [Co(bpy)(bptz)(NCS)2]n (sql-1,3-Co-NCS). In sql-1,3-Co-NCS, half of the bpy linkers 
are replaced with electron-deficient bptz linkers, allowing us to compare its gas and vapour 
sorption properties with the parent Type I-a net, [Co(bpy)2(NCS)2]n (sql-1-Co-NCS). A survey 
of the literature revealed that only 15 examples of Type II-a sql nets have thus far been 
structurally characterised, none of which were studied for gas/vapour sorption (Table A1). 28, 
39-48 
2.4 Experimental section 
All reagents were used as received from vendors. Full synthetic procedures and characterisation 
details are provided in Appendix A.  
Synthesis of sql-1,3-Co-NCS∙2PX  
PX (2 mL) was carefully layered over a solution of bptz (0.015 mmol, 3.5 mg) and bpy (0.015 
mmol, 2.3 mg) in 2 mL of dichloromethane. Co(NCS)2 (0.013 mmol, 2.3 mg) in 2 mL of MeOH 
was then layered on top of PX. Light pink single crystals were obtained after several days with 
ca. 60 % yield. The crystals were harvested by filtration and washed with PX three times. 
sql-1,3-Co-NCS∙2PX was subsequently prepared in larger scale using a solvothermal method 
(see Appendix A for details).  
Synthesis of sql-1,3-Co-NCS∙3EtOH  
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Single crystals of sql-1,3-Co-NCS·3EtOH were obtained by soaking crystals of 
sql-1,3-Co-NCS∙2PX in 30 mL of EtOH exchanged twice daily over three days.  
Synthesis of sql-1,3-Co-NCS   
sql-1,3-Co-NCS was prepared by evacuating sql-1,3-Co-NCS·3EtOH at 60 °C for 10 hours or 
degassing sql-1,3-Co-NCS·3EtOH using a Micromeritics SmartVacPrep at ambient 
temperature for 12 hours.  
2.5 Results and Discussion 
X-ray crystallography  
sql-1,3-Co-NCS∙2PX crystallized in the monoclinic space group C2/c with ca. 45% of the 
lattice volume occupied by PX molecules. The interlayer separation of 5.67 Å is consistent 
with that of Type I-a bpy-based sql nets.20 Upon exchange with EtOH, sql-1,3-Co-NCS∙2PX 
transforms to sql-1,3-Co-NCS∙3EtOH, which exhibits a reduced interlayer separation of 4.70 
Å (Figure 2.2) that is just above the interlayer separation of guest-free Type I-a bpy-based sql 
nets.20 Bulk phase purity of both phases was verified by powder X-ray diffraction (PXRD) 
(Figures A5 and A7). The guest-free or closed phase, sql-1,3-Co-NCS, was obtained by 
activating sql-1,3-Co-NCS∙3EtOH in vacuum. Unfortunately, attempts to solve the crystal 
structure of sql-1,3-Co-NCS were unsuccessful. The PXRD of activated sql-1,3-Co-NCS 
 
Figure 2.2. Crystal structure of sql-1,3-Co-NCS∙3EtOH with solvent excluded for the sake 




(Figure A7) maintains the major peaks for sql-1,3-Co-NCS·3EtOH, however the appearance 
of new peaks (e.g. at 17° and 27°) indicates that a structural transformation of 
sql-1,3-Co-NCS·3EtOH resulted from desolvation. The cavity size of sql-1,3-Co-NCS is 7.5 
x 11.5 Å whereas that of sql-1-Co-NCS20, 49 is 7.5 x 7.5 Å. For sql-1,3-Co-NCS∙2PX and 
sql-1,3-Co-NCS∙3EtOH, the square grid angles are ~ 90°, there is variation in the ∠Co-N-CS 
angles (Table A10), the bpy linkers are twisted and the bptz linkers are planar. 
 
Figure 2.3. Activated sql-1,3-Co-NCS (closed phase), (a) 195 K CO2 isotherm; (b) 
time-dependent (data collection interval: 5 min, 25 min spent on collection of the top CO2 
loaded pattern) in situ PXRD patterns recorded upon dosing CO2 (900 mbar) at 195K. Peaks 
labelled * correspond to dry ice. 
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CO2 induced switching behaviour 
At 195 K, sql-1-Co-NCS was reported to exhibit a switching or Type F-IV21 CO2 sorption 
isotherm at low pressure.49 sql-1,3-Co-NCS, was also observed to exhibit a stepped isotherm 
(Figures 2.3a and A22) with low CO2 uptake until ca. 350 mbar, at which point gate-opening 
occurred. Saturation uptake of ca. 72 cm3 g‒1 was measured at 1000 mbar. This Type F-II 
isotherm21 can be rationalized as a CO2 induced phase transformation wherein the interlayer 
separation increases to enable additional CO2 uptake. To gain insight into the structural changes 
that accompanied CO2 sorption and the transformation from closed to open phases, in situ 
PXRD experiments (Figure 2.3b) were conducted at 195 K and 900 mbar CO2. We were unable 
to index the unit cell of the closed phase, but we were able to determine the unit cell parameters 
for the CO2 loaded phase sql-1,3-Co-NCS·nCO2, which are close to those of 
sql-1,3-Co-NCS·3EtOH (Tables A6 and A8). The appearance and later disappearance of the 
additional peak observed at approximately 23° indicates the possible formation of an 
intermediate phase that accompanies the closed to open phase transition in sql-1,3-Co-NCS, 
 




upon adsorption of CO2. However, limited powder diffraction data quality (collection time per 
pattern: 5 min) precludes a detailed structural analysis (Figure 2.3b).  
Vapour sorption of C8 aromatics 
Dynamic vapour sorption studies resulted in Type F-II21 isotherms for PX and MX, but 
negligible uptakes for OX and EB (Figure 2.4). PX and MX did not reach saturation. The PX 
and MX uptakes of sql-1,3-Co-NCS were measured to be ca. 19 and 13 wt%, respectively. 
These values are consistent with one PX or MX molecule adsorbed per formula unit till ca. 
95% relative vapour pressure. Soaking experiments (Figure A11) revealed very different 
uptake values. Thermogravimetric analysis (TGA) (Figure A19) suggested that 
sql-1,3-Co-NCS adsorbed two PX, MX and OX molecules per formula unit (37 wt%) but only 
one molecule of EB (18.7 wt%).  
Separation of C8 aromatics 
That different switching pressures and/or adsorption rates were observed in sql-1,3-Co-NCS 
vs. sql-1-Co-NCS20 suggested to us that sql-1,3-Co-NCS might be suitable for physisorptive 
separation of C8 aromatics. Vapour-phase binary mixture separation experiments were 
conducted on sql-1,3-Co-NCS at 85 °C and selectivities were determined by 1H NMR (Figures 
A31−A36) to be very low (1.1 for MX/OX, MX/PX, PX/OX, MX/EB, 1.2 for OX/EB and 1.3 
 
Figure 2.5. Comparison of MOMs and zeolites with respect to their (a) OX, (b) PX, and (c) 
MX adsorption capacities and selectivities towards pure xylene isomers vs. EB, respectively. 
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for PX/EB). Liquid phase binary mixtures afforded very different selectivity values (Figures 
A37−A42). Although there no preference for OX/MX, OX/PX or MX/PX was observed, 
PX/EB, MX/EB and OX/EB selectivities were 9.8, 10.8 and 7.9 respectively (Table A9). 
Whereas sql-1,3-Co-NCS is less selective for OX/EB than sql-1-Co-NCS, its values are 
comparable to the OX/EB selectivities of MIL-47(V)50 and MIL-53(Al)51 (Figure 2.5). In 
terms of MX/EB selectivity, sql-1,3-Co-NCS is more selective than sql-1-Co-NCS (Figure 2.5 
and Table A9) and 1.5 times higher than current benchmarks NaY microcrystalline and NaY 
nanocrystalline (Figure 2.5 and Table A9).20, 52 PX/EB selectivity is also higher than 
sql-1-Co-NCS and equal to the current benchmark MIL-47(V).20, 50 Thus, sql-1,3-Co-NCS is 
the first xylene sorbent to exhibit selectivity > 5 over EB for all three xylene isomers. 
Structural insights into high xylenes selectivity and uptake 
To understand the driving force for the observed xylene selectivity and high working 
capacities, we determined the crystal structures of the PX and MX loaded phases of 
sql-1,3-Co-NCS. As illustrated in Figures 2.6a and 2.6b, two PX or MX molecules reside in 
the interlayer spaces which account for ca. 40% of the unit cell volumes of the corresponding 
apohost lattices. The calculated PX and MX uptakes from their single crystal structures, 37%, 
are consistent with the soaking experiments (Figure 2.6e). PX and MX molecules 
exhibit C-H∙∙∙π and π∙∙∙π stacking interactions (Figures 2.6a and 2.6b) with the 
electron-deficient tetrazine moiety facilitating π∙∙∙π stacking with the xylene 
rings.  Interestingly, MIL-47(V)50 exhibits similar packing of xylene molecules. That EB does 
not form π∙∙∙π stacking interactions with MIL-47(V)50 was possibly a key driving force behind 
its OX/EB and PX/EB selectivities but the MX/EB selectivity of MIL-47(V) is < 5. We 
attribute the improved performance of sql-1,3-Co-NCS vs. MIL-47(V) to enhanced π∙∙∙π 
stacking enabled by the tetrazine moieties. This assertion is supported by the experimental 
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studies by Oxtoby et al. and the theoretical studies by Wang et al. which revealed that tetrazine 
moieties are electron-deficient with respect to phenyl rings and hence can exhibit stronger π∙∙∙π 
stacking interactions with aromatic hydrocarbons. 25, 26 
 Multiple attempts to obtain single crystals of sql-1,3-Co-NCS loaded with OX and EB 
were unsuccessful. Rather, a stoichiometric mixture of sql-1-Co-NCS and sql-3-Co-NCS nets 
was observed (Figures A9 and A10). We were, however, able to determine the unit cell 
parameters of the OX loaded phase (Table A8) from Pawley profile fit of the PXRD patterns 
(Figure A16). Unit cell parameters match those of the PX and MX loaded phases (Table A6) 
whereas unit cell volumes of 3986(6) Å3, 4007.3(3) Å3 and 4031.0(6) Å3 were determined for 
the OX, PX and MX loaded phases, respectively. Minor differences between the PXRD pattern 
of the OX loaded vs. the PX/MX loaded phases (Figure 2.6e) can be explained by lower 
 
Figure 2.6. (a-b) Host-guest interactions in the PX and MX loaded phases, respectively; 
(c-d) the Connolly surfaces of sql-1,3-Co-NCS·3EtOH and sql-1,3-Co-NCS·2PX 
respectively, with a probe radius of 1.4 Å. (e) PXRD patterns for the solvent soaking 
experiments in pure xylenes and ethylbenzene. 
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symmetry of the OX loaded phase (space group P2 vs. C2/c for the PX/MX loaded phases). In 
particular, the 001 reflection at ~6.4° is not observed in PXRD patterns of the PX/MX loaded 
variants as this reflection is systematically absent in the latter phases. The PXRD patterns of 
the EB loaded phase differs the xylene loaded phases (Figure 2.6e). Rather, it matches 
sql-1,3-Co-NCS·3EtOH. The presence of three EtOH molecules per formula unit in the host 
framework is supported by TGA data (Figure A17). As discussed above, 
sql-1,3-Co-NCS∙3EtOH exhibits a lower interlayer separation and lower void volume by ca. 
30%. That the PXRD pattern of the EB loaded phase is similar to the EtOH loaded phase 
allowed us to deduce how EB interacts with host framework given that TGA indicates one EB 
molecule in sql-1,3-Co-NCS (Figures A19 and A21). The Connolly surfaces of 
sql-1,3-Co-NCS·3EtOH (Figure 2.6c) and sql-1,3-Co-NCS·2PX (Figure 2.6d) reveal that the 
tetrazine moieties have very different orientations. With respect to the former, pores are not 
continuous and the tetrazine moieties are not oriented to enable π∙∙∙π stacking. For the latter, 
pores are continuous and the tetrazine moieties enable π∙∙∙π stacking with aromatic guests. 
2.6 Conclusions 
In summary, we report that a mixed-linker crystal engineering approach afforded the new 
rectangular sql coordination net, sql-1,3-Co-NCS, and enabled study of its sorption properties, 
the first sorption studies conducted upon an N-donor mixed-linker sql net. sql-1,3-Co-NCS 
was found to exhibit high adsorption capacity for xylenes (~ 37 wt %) and it is the first sorbent 
of any type to exhibit high selectivity for all three xylenes over EB (> 5). Crystallographic 
analysis of the guest loaded phases of sql-1,3-Co-NCS revealed that the electron-deficient 
tetrazine moieties play a key role in defining host-guest interactions. It is notable that the 
observed selectivities are very different from those of its parent, sql-1-Co-NCS. The high 
degree of modularity in mixed-linker sql nets is therefore not just of interest from a crystal 
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engineering viewpoint, but also from the perspectives of molecular recognition and selective 
physisorption. 
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Chapter Three: A square lattice topology coordination network that exhibits 
highly selective C2H2/CO2 separation performance 
 
3.1 Aim of the Chapter 
C2H2/CO2 separation is an industrially important process that remains challenging because of 
the similar physicochemical properties of C2H2 and CO2. We herein report that the new square 
lattice (sql) coordination network [Cu(bipy-xylene)2(NO3)2]n, sql-16-Cu-NO3,  
16 = bipy-xylene = 4,4-(2,5-dimethyl-1,4-phenylene)dipyridine, exists in at least three forms, 
as-synthesised (), activated () and hydrated (). The activated phase, sql-16-Cu-NO3-, is 
an ultramicroporous material that exhibits high selectivity towards C2H2 over CO2 as revealed 
by dynamic gas breakthrough experiments (1:1 C2H2/CO2) that afforded 99.87% pure CO2 in 
the effluent stream. The separation selectivity at 298 K and 1 bar, 78, is the third best value yet 
reported for C2H2 selective physisorbents whereas the mid-loading performance sets a new 
benchmark. The performance of sql-16-Cu-NO3- is attributed to a new type of C2H2 binding 
site in which CH…ONO2 interactions enable moderately strong sorbent-sorbate binding (Qst 
(C2H2) = 38.6 kJmol
-1) at low loading. Conversely, weak CO2 binding (Qst (CO2) = 25.6 kJmol
-
1) at low loading means that (Qst)AC [Qst (C2H2) − Qst (CO2)] is 13 kJmol
-1 at low coverage and 
11.4 kJmol-1 at mid-loading. Analysis of in situ powder X-ray diffraction and modelling 
experiments provide insight into the sorption properties and high C2H2/CO2 separation 
performance of sql-16-Cu-NO3-. 
3.2 Note to Readers 
This chapter has been previously published in an open access journal SmartMat and reproduced 
from SmartMat. 2020, 1, e1008 with permission from Tianjin University and John Wiley & 
Sons Australia, Ltd. Naveen Kumar designed, synthesized, characterized all compounds, and 
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carried out single-component sorption studies. Soumya Mukherjee carried out the dynamic 
column breakthrough experiments, adsorption enthalpy, and selectivity calculations. Mohana 
Shivanna carried out in situ coincident PXRD/C2H2 sorption studies. Matthias Vandichel 
investigated molecular modelling studies. All the authors contributed to the writing and/or 
editing of the manuscript. 
3.3 Introduction 
Addressing the downstream processing of commodity chemicals with energy-efficient sorbent 
materials is considered an urgent global challenge.1 Thanks to its utility both as a fuel and a 
building block/feedstock for several industrially relevant processes, acetylene (C2H2) is an 
important chemical product.2 Production of C2H2 generally affords CO2 as an impurity.
3 
Therefore, selective separation of C2H2 from C2H2/CO2 mixtures is industrially relevant but 
challenging process because of their similar molecular sizes and physical properties. Further, 
with an extremely high flammability range of 2.5-81%, C2H2 poses an immediate fire and 
explosion hazard at concentrations  2.5%. When coupled with the high reactivity of C2H2 to 
afford undesired derivatives during downstream catalytic processes, and the large energetic and 
economic costs of industrial-scale distillation processes, the need to develop energy-efficient 
sorbents that can selectively capture C2H2 is apparent.
4 
Among the recovery and purification methods that offer potential for a low energy 
footprint, porous coordination networks that can function as physisorbents have emerged as 
benchmark materials for separation of C2H2 from CO2.
5 Specifically, physisorbents such as 
metal organic materials (MOMs),6 commonly known as porous coordination polymers7 or 
metal-organic frameworks (MOFs),8 have attracted attention for separating C2 light 
hydrocarbon gas mixtures, either through capture/desorption of the product gas or via selective 
adsorption of impurities.9, 10 In particular, a subclass of MOMs, hybrid ultramicroporous 
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materials (HUMs; pore size < 0.7 nm), currently offer benchmark C2 separation performances 
including C2H2 capture from C2H4 and CO2.
11-14 Fine tuning of pore size and pore chemistry 
enabled by systematic crystal engineering studies of HUMs has thus far resulted in C2H2 
selectivity values higher than classical physisorbents by one or two orders of magnitude.5, 12  
Ultramicroporous square lattice (sql) topology coordination networks also offer promise 
for C2H2 selective sorption,
5 as exemplified by UTSA-300a15 and NCU-100a.16 sql 
coordination networks that exhibit layered structures were first reported by the group of Fujita 
et al.  in 199417 and represent the most common type (45.09%)18 of reported 2D coordination 
networks. Nets of sql topology also play a role in the crystal engineering of other common 
network topologies such as pillared pcu networks.19 sql coordination networks can be readily 
prepared by the self-assembly of four-connected metal centres and ditopic (e.g. dipyridyl) 
linker ligands. Thanks to their modular composition (metal, linker ligand, anion and guest can 
all be substituted), their inherent amenability to crystal engineering guided design is long 
known.17, 20-22 Whereas interpenetration in sql coordination networks is possible,20, 21, 23 
non-interpenetrated square grid networks can stack in laminated fashion and when the sql 
layers separate to intercalate guests in the interlayer space they are, in effect, clay mimics.22, 24 
That the prototypal sql network ELM-11, [Cu(4,4-bipyridine)2(BF4)2]n, exhibits phase 
switching in the presence of CO2, N2, O2, CH4, C2H2 and n-butane
25, 26 at different pressures 
raises the issue of whether or not ELM-11 variants might also exhibit strong gas separation 
performance. Indeed, ELM-11,27 ELM-12 [Cu(4,4-bipyridine)2(OTf)2]n,
28 and ELM-13 
[Cu(4,4-bipyridine)2(CF3BF3)2]n,
29
  have been studied for C2H2/C2H4, C3H4/C3H6 and CO2/N2 
separations, respectively.  
Linker ligands not only play an important role in the design of sql coordination networks, 
by lining the pore or cavity surfaces they often emerge as the key to controlling sorbent-sorbate 
molecular recogniton.20, 30 N-donor based linker ligands have been widely studied for this 
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purpose.20, 31, 32 A literature survey of sql networks reported in TTO and CCDC revealed28 that, 
whereas there are hundreds of distinct N-donor linkers that have been reported to form sql 
topology nets, only 15 such nets have been studied for gas/vapour sorption (see Appendix B, 
Table B1). Seven bipyridine based linker ligands form sql networks that exhibit switching 
behaviour induced by exposure to gas or vapour (see Appendix B, Table B2). Two of these sql 
networks have been studied for binary C2H2/CO2 separation: UTSA-300a,
15 and 
UTSA-83a.5,33 Banglin Chen’s group reported that UTSA-300a,15 [Zn(SiF6)(dps)2]n (dps = 
4,4'-dipyridylsulfide), is an ultramicroporous sql coordination network which exhibits partial 
molecular sieving for C2H2 over CO2 and benchmark ideal adsorbed solution theory (IAST) 
selectivity. Herein we report that the linker ligand bipy-xylene, 4,4'-(2,5-dimethyl-1,4-
phenylene)dipyridine, 16, forms an ultramicroporous sql network with high affinity for C2H2 
over CO2. To the best of our knowledge, 16 has only been used once before to sustain an 
ultramicroporous coordination network, namely Cr2O7
2- pillared Co(II) and Ni(II) HUMs.34 
3.4 Results and Discussion 
Single crystals of as-synthesised sql-16-Cu-NO3- were obtained by solvent diffusion of 
bipy-xylene and copper nitrate in iPrOH (isopropyl alcohol) and water (see Appendix B, for 
full procedure). sql-16-Cu-NO3- transforms to its -phase ([Cu(bipy-xylene)2(NO3)(H2O)]n), 
in which one of the axial nitrates is replaced by a water molecule, when exposed to ambient 
humidity for a week (Figure 3.1a). Crystallographic studies revealed that sql-16-Cu-NO3- 
and sql-16-Cu-NO3- crystallized in the monoclinic space groups C2/c and P21/c respectively 
(Table B3). Porosity in both structures occurs thanks to one-dimensional channels along the 
crystallographic c-direction (Figures 3.1d and B1). In sql-16-Cu-NO3-, the pore limiting 
diameter35 was determined to be 4.6 Å, while the maximum channel diameter was found to be 
5.0 Å (Figure B1). In sql-16-Cu-NO3-, the channel openings are constricted to a limiting 
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diameter of 3.8 Å, while the maximum channel diameter is 4.8 Å, close to that in 
sql-16-Cu-NO3-. It is noteworthy that the NO3
‒ ions present in sql-16-Cu-NO3- and 
sql-16-Cu-NO3- occupy these channels only minimally (Figure B1). Rather, the axial NO3
‒ 
ions interdigitate between adjacent undulating layers in both sql-16-Cu-NO3- and 
sql-16-Cu-NO3- (Figures 3.1b, 3.1c, B2 and B3). Bulk phase purity of sql-16-Cu-NO3- was 
verified by powder X-ray diffraction (PXRD; Figures B4 and B5). Thermogravimetric analysis 
of sql-16-Cu-NO3- suggests thermal stability up to 573 K (Figure B11). Exposure of 
sql-16-Cu-NO3- to air at room temperature resulted in a mixture of  and  phases (Figures 
B6 and B7) and hence, although a single crystal of sql-16-Cu-NO3- was isolated, we were 
unable to isolate pure bulk samples for further study. A variable-temperature PXRD 
(VT-PXRD) study revealed that the mixed phase of  and  converted to desolvated -phase 
after heating at 373 K in air (Figure B8). While PXRD patterns of  and  phases are similar, 
 
Figure 3.1. Synthesis and crystal structures of sql-16-Cu-NO3- and sql-16-Cu-NO3-, (a) 
synthetic steps to obtain single crystals of sql-16-Cu-NO3- and sql-16-Cu-NO3- Layer 
arrangements in (b) sql-16-Cu-NO3- and (c) sql-16-Cu-NO3-. (d) Connolly surface of 
sql-16-Cu-NO3- with a probe radius of 0.7 Å, revealing a 1D channel along the 




the appearance of two new peaks at 11.2° and 11.5° 2 in the  phase indicated that there are 
subtle structural differences between these two phases (Figures B9 and B10). Fourier 
transform-infrared (FT-IR) spectroscopy was used to study sql-16-Cu-NO3- and 
sql-16-Cu-NO3- to assess insight that might come from spectroscopic differences between 
these two phases (Figure B12). The FT-IR spectra for sql-16-Cu-NO3- and 
sql-16-Cu-NO3- were found to exhibit only subtle differences, consistent with our 
observation concerning their PXRD patterns (Figure B9). 
To assess the porosity of sql-16-Cu-NO3-, low pressure CO2 and C2H2 adsorption 
isotherms were collected. Before conducting gas sorption measurements, sql-16-Cu-NO3- 
was activated at 353 K under vacuum to generate sql-16-Cu-NO3-. CO2 sorption at 195 K 
 
Figure 3.2. In-situ coincident PXRD/C2H2 sorption measured for sql-16-Cu-NO3- at 
195K (a) and 298K (b): (a, b, left) Adsorption (closed symbols) and desorption (open 
symbols); (a, b right) representative PXRD patterns ( =1.54178 Å) at different C2H2 
adsorption/desorption loadings, each pattern corresponds to the point labelled on the left. 
(c) C2H2 and CO2 adsorption isotherms at 273 K and 298 K. (d) Qst(C2H2), and Qst(CO2) for 





revealed a type I isotherm (Figure B13) with a Brunauer–Emmett–Teller (BET) surface area 
of 179 m2g-1. A pore width of 4.1 Å for sql-16-Cu-NO3- was determined by the 
Horvath-Kawazoe method applied to the CO2 isotherm at 195 K (Figure B16). Conversely, the 
C2H2 isotherm at 195 K is a stepped Type F-II isotherm
15, which we attribute to C2H2 induced 
phase transformation as seen for several other sorbents.27, 36, 37 Such a gating effect has been 
seen for other sql coordination networks but remains a rarity among physisorbents in general.29 
Switching sql coordination networks are known to exhibit Type F-IV38 or F-II38 isotherms.30,31  
The sorbate induced phase transformation of sql-16-Cu-NO3- under cryogenic 
conditions prompted us to conduct in situ C2H2 sorption PXRD experiments
39 at 195 K and 
298 K from 0 to 1 bar to gain insight into the structural changes that accompany C2H2 sorption. 
At 195K (Figure 3.2a, left), initial C2H2 uptake of 52 cm
3g-1 occured below 0.3 bar, at which 
point a phase transformation resulted in a gate-opening effect. Saturation C2H2 uptake of 81 
cm3g-1 was measured at 1 bar. In situ PXRD patterns (Figure 3.2a, right) confirmed a structural 
change upon C2H2 adsorption above the ‘gate-opening’ 0.3 bar pressure evidenced by a new 
peak at 11.7° 2 (representative pattern D, Figure 3.2a, right). Upon desorption, this peak is 
retained until ca. 0.05 bar (representative pattern E, Figure 3.2a, right). Unlike the 195 K data, 
at 298 K sql-16-Cu-NO3- exhibited a type I isotherm for C2H2 (Figure 3.2b, left) with no 
new peaks in the in situ PXRD patterns (Figure 3.2b, right). Further, the unit cell parameters 
obtained in a batch Pawley profile fit of PXRD data changed only 1.4% (Figure 3.2b, left and 
Figure B17), suggesting framework rigidity upon C2H2 sorption at 298 K. Further, the C2H2 
adsorption isotherm at 273 K and CO2 adsorption isotherms at 273 K and 298 K exhibit type I 
isotherms (Figure 3.2c). At 1 bar, sql-16-Cu-NO3- adsorbs 40 cm3g-1 and 34.7 cm3g-1 of C2H2 
at 273 K and 298 K, respectively. In contrast, it adsorbs only 24 cm3g-1 and 16.7 cm3g-1 of CO2 
at 273 K and 298 K, respectively (Figure 3.2c). Isosteric enthalpies of adsorption (Qst) were 




and Qst(CO2, 25.6 kJmol
-1, Figure 3.2d) values correlate well with the different uptakes of C2H2 
and CO2. IAST
40 selectivities (SAC) were calculated by fitting the single-component isotherms 
to the dual-site Langmuir-Freundlich equation (see Appendix B for details, Table B4), 
considering binary gas mixtures of C2H2/CO2 (1:1 v/v) at 1 bar and 298 K. The calculated SAC 
(1:1) at 1 bar is 27.8 for sql-16-Cu-NO3- (Figure B22), which is higher than leading 
C2H2-capture sorbents including ZJU-196(25),
41 FeNiMMOF (24),42 [Ni3(HCOO)6] (22),43 
DICRO-4-Ni-i (18.2),44 TCuCl (16.0),45 HOF-3 (14.0),46 MIL-100(Fe) (12.5),47 
TIFSIX-2-Cu-i (10),11 ZJUT-2a (10),48 TCuBr (9.1),45 SSNU-45 (8.5),49 FJU-22a (7.1),50 
ZJU-60a (6.7),51 UTSA-83a (6.2),23 and MUF-17(6)52 (Table B5). The high SAC (1:1) at 1 bar 
derived from single-component isotherms and Qst differences are indicative of potential 
suitability for equimolar C2H2/CO2 binary mixture separations under dynamic conditions.  
Pure gas adsorption kinetics for C2H2 and CO2 were studied using activated samples of 
sql-16-Cu-NO3- exposed to a constant flow of 10 cm3min-1 C2H2 or CO2 at 303 K and 1.0 
bar (Figure B23). The slope of the kinetic curve is steeper for C2H2 versus CO2, indicating 
faster adsorption kinetics for C2H2. The kinetic curves level off at 2.9 wt.% (25 cm
3g-1) for 
C2H2 and 1.6 wt.% (8 cm
3g-1) for CO2. Higher uptake of C2H2 is in agreement with the 
volumetric pure gas sorption experiments. Regeneration was achieved by heating at 373 K 
under N2 flow in ca. 1 h (flow rate: 60 cm
3min-1).  
The promising isotherms and kinetic studies prompted us to study the C2H2/CO2 
separation performance of sql-16-Cu-NO3- through dynamic column breakthrough (DCB) 
experiments53 that mimic typical process conditions2  with an inlet gas mixture composition of 
1:1 (v/v) C2H2:CO2. The C2H2/CO2 gas mixture was passed through a fixed bed column (8 mm 
diameter) filled with ca. 0.5 g of sql-16-Cu-NO3- with a flow rate of 1 cm3min-1, at 1 bar 
and 298 K. The preactivated fixed bed of sql-16-Cu-NO3- was first heated at 373 K in a 20 
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cm3min-1 flow of He for 4 h to ensure activation. The sample was next cooled to room 
temperature before being subjected to DCB experiments. Eluted components were 
continuously monitored through gas chromatography (GC; Figure B24, see Appendix B for 
details). Figure 3.3a reveals that CO2 breakthrough occurred at 55 min g
-1, well before that of 
C2H2 (142 min g
-1). During the time lag before breakthrough, GC data revealed that the C2H2 
level in the effluent gas stream was  1276 ppm. These data show that, until C2H2 breakthrough, 
CO2 purity in the effluent stream was  99.87% for sql-16-Cu-NO3- a purity much higher 
than the commercial standard (N2.0, 99%). For sql-16-Cu-NO3-, C2H2 saturation uptake 
calculated from the DCB profile is 29.4 cm3g-1, in good agreement with the single-component 
C2H2 isotherm-based uptake at half-coverage, 31.8 cm
3g-1 collected under ambient equilibrium 
conditions. sq-16-Cu-NO3- maintained the same retention time and acetylene uptake 
capacity as the initial DCB cycle in subsequent cycles (Figure 3.3b). The separation selectivity 
(AC) for sql-16-Cu-NO3-, calculated from the DCB experiment is 78 (Figure 3.4a). In terms 
of AC for the studied 1:1 binary gas mixture, AC(1:1), sql-16-Cu-NO3- outperforms 
TCuI,45 UTSA-74a,54 JXNU-5,55 JCM-1,56 FJU-89a,57 SSNU-45,49 NKMOF-1-Ni,58 
FJU-6-TATB,59 FJU-36a,60 HOF-3,46 FJU-22a,50 and FeNiMMOF.42 Only TCuBr,45 and 
 
Figure 3.3. Binary C2H2/CO2 mixture (v/v = 1:1) based DCB experimental curves at 298 K 





TCuCl45 compare favourably to sql-16-Cu-NO3- with respect to AC(1:1), making 
sql-16-Cu-NO3- the third best-performing C2H2/CO2 selective adsorbent with respect to 
DCB derived 1:1 separation selectivity (Figure 3.4a and Table B5).  
The high AC for sql-16-Cu-NO3- can be partially attributed to weak CO2 binding 
versus C2H2, as reflected in the difference between the low coverage adsorption enthalpies. 
(Qst)AC for sql-16-Cu-NO3-  (13) is comparable to SNNU-45 (12.8) and only below 
NKMOF-1-Ni (19.4) kJmol-1 (Figure B20 and Table B5). However, the higher (Qst)AC for 
NKMOF-1-Ni is driven by its high Qst(C2H2) value of 60.3 kJmol
-1,58 which then declines to 
46 kJmol-1 at half and is  20 kJmol-1 at saturation (Figure B21). Comparison of (Qst)AC values 
at half loading to evaluate the preferential binding of C2H2 versus CO2 in a 1:1 mixture is given 
in Figure 3.4b.  Figure 3.4b reveals that sql-16-Cu-NO3-  exhibits benchmark (Qst)AC at 
half loading of 11.4 kJmol-1, followed by NKMOF-1-Ni (9.5 kJmol-1)  TCuCl (8.2 kJmol-1) 
 TCuI (7.7 kJmol-1)  TIFSIX-2-Cu-i (7.4 kJmol-1)  UTSA-74a (6.0 kJmol-1)  TCuBr 
(5.5 kJmol-1)  SSNU-45 (4.1 kJmol-1)  JXNU-5 (3.4 kJmol-1)  FJU-22a (3.0 kJmol-1)  
FeNiMMOF (2.1 kJmol-1)  FJU-89a (1.4 kJmol-1). 
 
Figure 3.4. Comparison of leading C2H2/CO2 selective sorbents with sql-16-Cu-NO3-, 




Modelling studies on sql-16-Cu-NO3 were conducted using the experimentally 
determined crystal structure of sql-16-Cu-NO3-. C2H2 and CO2 binding site distributions (see 
Appendix B for other plausible binding sites, Figure B25) were determined by Monte Carlo 
techniques employing the UFF-force field.61 In line with our experimental sorption data, these 
binding sites (Figure 3.5) indicate preference for C2H2 versus CO2 that can be attributed to 
hydrogen bonding between C2H2 and NO3
‒ ions. At low coverage, the simulated Qst values for 
C2H2 and CO2 are within ± 3.5 kJ mol
-1 of the experimental Qst values (see Appendix B for 
details). 
The stability of sql-16-Cu-NO3- towards humidity was evaluated using an accelerated 
stability protocol adopted by the pharmaceutical industry (test at 313 K and 75% relative 
humidity [RH], see Appendix B for details)62 and water vapour sorption experiments. 
sql-16-Cu-NO3- transformed to a mixture of sql-16-Cu-NO3- and sql-16-Cu-NO3- when 
exposed to humidity for 1 day and retains this state after 30 days under humid conditions 
(Figure B27). Figures B28 and B29 reveal that sql-16-Cu-NO3- transformed to a mixed 
phase of sql-16-Cu-NO3- and sql-16-Cu-NO3- after water vapour sorption. The accelerated 
 
Figure 3.5. Binding sites of C2H2 and CO2 in sql-16-Cu-NO3- as determined by molecular 
modelling calculations detailed in Appendix B: (a) View of the C2H2 binding sites and (b) 






stability tests and water vapour sorption experiments indicated that sql-16-Cu-NO3 retained 
structural integrity and that it has a shelf-life of ≥ 4 months as an  +  mixture (stable to 313 
K and 75% RH over   30 days). 
3.5 Conclusions 
In summary, we report efficient C2H2/CO2 separation using an ultramicroporous sql 
coordination network, sql-16-Cu-NO3- a new member of the still understudied sql class of 
sorbents. sql-16-Cu-NO3- exhibits a high C2H2/CO2 (1:1) IAST selectivity derived from 
single-component isotherms and the third best experimentally derived equimolar separation 
selectivity. The C2H2/CO2 separation performance of sql-16-Cu-NO3- is credited to its 
thermodynamic preference for C2H2 versus CO2 binding, exemplified by benchmark (Qst)AC 
at half loading driven by hydrogen bonding between C2H2 molecules and NO3
‒ ions. This new 
type of binding site for C2H2 is likely to be present in other sorbent materials with similar pore 
size and chemistry. 
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Chapter Four: Breaking the trade-off between selectivity and adsorption 
capacity for gas separation 
 
4.1 Aim of the Chapter 
That there is a trade-off between selectivity and adsorption capacity with porous materials is a 
major roadblock to reducing the energy footprint of gas separation technologies. To address 
this matter, we report herein a systematic crystal engineering study of C2H2 removal from CO2 
in a family of hybrid ultramicroporous materials (HUMs). The HUMs are comprised of the 
same organic linker ligand, 4-(3,5-dimethyl-1H-pyrazol-4-yl)pyridine, pypz, three inorganic 
pillar ligands and two metal cations, thereby affording six isostructural pcu topology HUMs. 
Whereas all six HUMs exhibit strong binding sites for C2H2 and weaker affinity for CO2, the 
tuning of pore size and chemistry enabled by crystal engineering resulted in benchmark 
C2H2/CO2 separation performance. Fixed-bed dynamic column breakthrough experiments for 
an equimolar (v/v = 1:1) C2H2/CO2 binary gas mixture revealed that one sorbent, 
SIFSIX-21-Ni, is the first C2H2 selective sorbent that combines exceptional separation 
selectivity (27.7) with high adsorption capacity (4 mmol g-1).  
4.2 Note to Readers 
This chapter is unpublished, submitted to Chem and under revision. Naveen Kumar designed, 
synthesized, and characterised SIFSIX-21-Ni, TIFISX-4-Ni, NbOFFIVE-3-Ni, and 
NbOFFIVE-3-Cu including scale up of SIFSIX-21-Cu, and TIFSIX-4-Cu for breakthrough 
experiments. Naveen Kumar carried out single-component sorption studies. Soumya 
Mukherjee carried out the dynamic column breakthrough experiments, adsorption enthalpy, 
and selectivity calculations. Nathan C. Harvey-Reid synthesized, and characterised organic 
ligand, SIFSIX-21-Cu, and TIFSIX-4-Cu. Kui Tan carried out in situ FT-IR spectroscopy 
experiments. Vinicius Martins investigated SSNMR experiments and related simulations 
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studies. Matthias Vandichel and Tony Pham investigated molecular modelling studies. All the 
authors contributed to the writing and/or editing of the manuscript. 
4.3 Introduction 
Acetylene (C2H2) is an important chemical commodity; it is used to manufacture vinyl and 
acrylate polymers and is a combustion fuel in oxy-acetylene torches.1, 2 The latter application 
stems from its flammability range, the widest known (2.5−81%), but can thereby represent an 
explosion hazard at > 2.5% concentrations.3 Whereas the utility of C2H2 as an oxy-combustion 
fuel typically requires 98% purity grade, for its use as a chemical feedstock a higher purity 
grade is essential.4 Bulk C2H2 is produced by either oxidative coupling (partial combustion) of 
methane or downstream thermal cracking of hydrocarbons; CO2 is a bye-product of both 
processes.5 That C2H2 production generates CO2 as an impurity means that selective 
separation/purification of high-purity (> 99%, v/v) C2H2 from C2H2/CO2 mixtures is of 
industrial relevance.6 Three technologies are currently used to remove C2H2 from C2H2/CO2 
mixtures: a) bulk solvent extraction, resulting in solvent waste such as N,N-dimethylformamide 
and acetone7; b) partial hydrogenation of C2H2 to ethylene, C2H4, with costly noble-metal 
catalysts such as Ag(0)8; c) cryogenic distillation, an energy-intensive process.9 All three 
processes suffer from high cost and low efficiency. Physisorbents offer potential for energy-
efficient gas purification as exemplified by recent reports on physisorbents which exhibit 





15 separations, among others.16  Nevertheless, commercially viable C2H2 
capture from CO2 using physisorbents remains an unmet challenge since traditional 
physisorbents such as zeolites, mesoporous silicas and activated carbons exhibit poor 
selectivity for C2H2 over CO2
17 thanks to their similar physicochemical properties (molecular 
dimensions: C2H2 = 3.32  3.34  5.7 Å
3; CO2 = 3.18  3.33  5.36 Å
3; kinetic diameters for 
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both molecules = 3.3 Å; boiling points: C2H2 = 189.3 K, CO2 = 194.7 K).
18, 19 These 
physicochemical properties also practically rule out the application of molecular sieving.20  
In this context, metal organic materials (MOMs),21 also known as metal-organic 
frameworks (MOFs)22, 23 or porous coordination polymers (PCPs)24, have emerged as sorbent 
candidates to serve as C2H2 selective physisorbents in C2H2/CO2 separation.
25 Unlike 
traditional classes of sorbent, the modularity of MOMs enables fine-tuning of pore size and 
pore chemistry using crystal engineering design approaches.22 Nevertheless, whereas there are 
> 100,000  MOMs in the CSD MOF subset (2020.3 CSD release),26 to the best of our 
knowledge, few (19) have been studied for C2H2/CO2 separation experimentally under dynamic 
conditions (e.g. dynamic column breakthrough, DCB, experiments, see Appendix C, Table C1) 
including the recent performance benchmarks set by ATC-Cu,27 FJI-H8-Me,28 and 
SIFSIX-Cu-TPA.29 For example, ATC-Cu was found to exhibit high Ideal adsorbed solution 
theory (IAST) selectivity of 53.6 for 1:1 C2H2/CO2 separation.
27 The need to study sorbent 
performances under dynamic conditions arises because calculation of separation performance 
from C2H2 and CO2 single-component isotherms tends to overestimate separation performance. 
Ideal adsorbed solution theory (IAST) and fixed-bed simulated breakthrough calculations are 
therefore indicative rather than confirmative. Our review of the literature reveals that C2H2/CO2 
separation selectivity (AC) values for equimolar (v/v) mixtures have been experimentally 
measured for only 16 sorbents, most of which are classified as MOFs: SIFSIX-Cu-TPA,29 
TCuI,30 TCuBr,30 TCuCl,30 JCM-1,31 NKMOF-1-Ni,32 FJU-22a,33 FJU-89a,34 HOF-3,35 
FJU-6-TATB,36 SSNU-45,37 JXNU-5,38 FJU-36a,39 FeNiMMOF,40 UTSA-74a,41 and sql-
16-Cu-NO3-'.42  Whereas these results are promising, they do not fully address the spectrum 
of performance parameters needed before a material can be considered for 
commericalization.43 In particular, in addition to selectivity, working capacity and recyclability 
(including the kinetics and energy of regeneration) are also key performance parameters.25, 44 
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As revealed in Table C1, UTSA-74a is the only sorbent that offers separation selectivity  5 
and adsorption capacity  3.5 mmolg-1. Unfortunately, UTSA-74a requires a high temperature 
for sorbent regeneration and activation (473 K under high vacuum) to generate the unsaturated 
metal centres (UMCs) that drive preferential binding for C2H2 over CO2.  
Hybrid ultramicroporous materials (HUMs), sorbents that exhibit < 0.7 nm pore diameter 
and are comprised of both organic and inorganic linker ligands, are an emerging subclass of 
MOMs.45 HUMs are outstanding candidates for physisorptive separation of small gas sorbates 
as they offer benchmark adsorption selectivities for C2H2 over C2H4 (SAE)
13, 14 and CO2 over 
N2 (SCN).
10, 11, 46 This performance has been attributed to two key features that enhance selective 
binding: a) narrow pore sizes and b) pore surfaces/walls offering strong electrostatics. HUMs 
are also modular, which enables crystal engineering driven control of pore size and chemistry 
to facilitate removal of even trace impurities. Unfortunately, narrow pore size as seen in the 
prototypal pyrazine linked HUMs tends to limit surface area and uptake capacity. We recently 
reported that a HUM based upon an expanded symmetrical ligand, 3,3′,5,5′-tetramethyl-
1H,1′H-4,4′-bipyrazole, pzpz, offered a highly selective CO2 binding site that was also 
hydrophobic.11 Six members of a new HUM platform based upon an unsymmetrical ligand that 
is related to pzpz, 4-(3,5-dimethyl-1H-pyrazol-4-yl)pyridine (pypz) are introduced herein. The 




NbOFFIVE) and/or metal (Ni2+ or Cu2+) substitution (Figure 4.1a) and offer higher gravimetric 
surface areas (and, therefore, potentially higher working capacity) than the corresponding 
pyrazine linked HUMs.47 Herein we report the exceptional adsorptive separation performance 
for C2H2 versus CO2 of these HUMs as evaluated by single-component gas sorption 
measurements, dynamic gas breakthrough experiments, in situ IR studies, solid-state NMR 
experiments and molecular modelling. 
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4.4 Results and discussion 
Synthesis and structural characterization  
Single crystals of SIFSIX-21-Ni, TIFSIX-4-Ni, SIFSIX-21-Cu, and TIFSIX-4-Cu and 
microcrystalline samples of NbOFFIVE-3-Ni, and NbOFFIVE-3-Cu were prepared as 
detailed in Appendix C. Single-crystal X-ray diffraction (SCXRD) studies revealed that 
SIFSIX-21-Ni, TIFSIX-4-Ni, SIFSIX-21-Cu, and TIFSIX-4-Cu are isostructural and 
 
Figure 4.1. The family of isostructural HUMs reported herein and their single crystal X-ray 
structures, single-component adsorption isotherms and isosteric heats of adsorption. (a) 
schematic illustration of the building blocks and pcu network topology of MFSIX-pypz-M 
and NbOFFIVE-pypz-M; (b) C2H2 binding site in SIFSIX-21-Ni viewed across diagonally 
opposite F atoms of SiF6
2- pillars; (c) The ultramicropore in SIFSIX-21-Ni viewed along the 
crystallographic b-axis; (d) C2H2 and CO2 isotherms of SIFSIX-21-Ni, NbOFFIVE-3-Ni, and 
TIFSIX-4-Ni at 298 K; (e) C2H2 and CO2 isotherms of SIFSIX-21-Cu, NbOFFIVE-3-Cu, 
and TIFSIX-4-Cu at 298 K; (f) Comparative bar diagram of isosteric heat of adsorptions (C2H2 





crystallise as pcu topology networks in orthorhombic space group Pnna. The crystallographic 
data and refinement parameters for SIFSIX-21-Ni, TIFSIX-4-Ni, SIFSIX-21-Cu, and 
TIFSIX-4-Cu are presented in Table C2. The unit cell parameters calculated from powder 
X-ray diffraction (PXRD) for NbOFFIVE-3-Cu and NbOFFIVE-3-Ni are close to those of 
the M’FSIX analogues (Figures C3 and C4). Unit cell volumes are as follows: TIFSIX-4-Cu 
(3458.8 Å3)> SIFSIX-21-Cu (3361.1 Å3)> NbOFFIVE-3-Cu (3338 Å3)> TIFSIX-4-Ni 
(3291.7 Å3)> NbOFFIVE-3-Ni (3236 Å3)> SIFSIX-21-Ni (3199.2 Å3). Solvent-accessible 
free volumes were calculated to be ca. 30 %.  Polycrystalline samples of SIFSIX-21-Ni, 
TIFSIX-4-Ni, SIFSIX-21-Cu, and TIFSIX-4-Cu used for physicochemical characterisation 
and sorption studies were prepared solvothermally in methanol (see Appendix C for details). 
Bulk phase purity was established by comparison of experimental and calculated PXRD 
patterns (Figures C1 and C2). Thermogravimetric analysis and variable temperature PXRD 
(VT-PXRD) experiments revealed each material retained crystallinity as follows: 613 K 
(NbOFFIVE-3-Ni) > 573 K (TIFSIX-4-Ni) > 513 K (SIFSIX-21-Ni); 573 K (TIFSIX-4-Cu) 
> 513 K (NbOFFIVE-3-Cu) > 493 K (SIFSIX-21-Cu) (Figures C5-C10 and C13-C14). 
Single-component gas isotherms and binding sites   
To evaluate microporosity, N2 and CO2 adsorption isotherms were measured at 77 K and 195 
K respectively (Figures C15, C17, C19, C21, C23 and C25). Following the Rouquerol 
criteria,48 Brunauer-Emmett-Teller (BET) surface areas were experimentally determined from 
the N2 adsorption isotherms as follows: TIFSIX-4-Ni (931 m
2g-1) > SIFSIX-21-Ni (871 m2g-
1) > SIFSIX-21-Cu (839 m2g-1) > NbOFFIVE-3-Cu (805 m2g-1) > NbOFFIVE-3-Ni (761 
m2g-1) > TIFSIX-4-Cu (747 m2g-1). C2H2 and CO2 single-component gas sorption isotherms 
were collected at 298 K and 273 K (Figures C16, C18, C20, C22, C24 and C26). All six HUMs 
were observed to exhibit higher affinity for C2H2 than CO2 with C2H2 uptakes > 3.5 mmolg
-1 
and CO2 uptakes < 2.0 mmolg
-1   at 298 K and 1 bar (Figures 4.1d and 4.1e). SIFSIX-21-Ni 
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was found to exhibit the highest C2H2 uptake (4.05 mmolg
-1), followed by NbOFFIVE-3-Cu 
(3.97 mmolg-1), SIFSIX-21-Cu (3.94 mmolg-1), TIFSIX-4-Ni (3.85 mmolg-1), 
NbOFFIVE-3-Ni (3.79 mmolg-1), and TIFSIX-4-Cu (3.53 mmolg-1) (Figures 4.1d and 4.1e). 
The stepped isotherms observed for SIFSIX-21-Ni (Figure C16) and SIFSIX-21-Cu (Figure 
C22) prompted us to conduct in situ PXRD measurements on these two HUMs. That these 
measurements (Figures C11 and C12) reveal no significant change in the PXRD patterns with 
C2H2 loading until 1 bar indicated that only subtle structural changes occurred during C2H2 
sorption. Isosteric heats of adsorption, Qst, were determined from Virial fits of these 
experimental single-component gas isotherms. Qst values for CO2 at zero loading, Qst (CO2) 
were as follows: 19.8 kJ mol-1 (SIFSIX-21-Ni) < 24.0 kJ mol-1 (SIFSIX-21-Cu) < 25.1 kJ mol-
1 (NbOFFIVE-3-Ni) < 25.8 kJ mol-1 (NbOFFIVE-3-Cu) < 27.0 kJ mol-1 (TIFSIX-4-Cu) < 
27.5 kJ mol-1 (TIFSIX-4-Ni). Qst (C2H2) values were determined to be as follows: 36.3 kJ mol
-
1 (SIFSIX-21-Cu) < 36.7 kJ mol-1 (NbOFFIVE-3-Ni) < 37.9 kJ mol-1 (SIFSIX-21-Ni) < 40.6 
kJ mol-1 (TIFSIX-4-Cu) < 41.3 kJ mol-1 (TIFSIX-4-Ni) < 41.9 kJ mol-1 (NbOFFIVE-3-Cu) 
(Figure 4.1f, Figures C27-C32; all virial fitting parameters are provided in Appendix C, Figures 
C33-C44). The differences between Qst (C2H2) and Qst (CO2), (Qst)AC = [Qst (C2H2) − Qst 
(CO2)], were as follows: 18.1 kJ mol
-1 (SIFSIX-21-Ni) > 16.1 kJ mol-1 (NbOFFIVE-3-Cu) > 
13.9 kJ mol-1 (TIFSIX-4-Ni) > 13.6 kJ mol-1 (TIFSIX-4-Cu) > 12.3 kJ mol-1 (SIFSIX-21-Cu) 
> 11.6 kJ mol-1 (NbOFFIVE-3-Ni). These Qst and ΔQst values reveal the relative 
thermodynamic preferences of the studied sorbents towards the competing sorbates, C2H2 and 
CO2. Adsorption selectivities were calculated using Ideal Adsorbed Solution Theory, IAST.
49 
For C2H2/CO2 (v/v: 1:1 and 2:1) at 1 bar and 298 K, IAST selectivities (SAC) were calculated 
upon fitting the single-component isotherms to the dual-site Langmuir-Freundlich equation 
(see Appendix C for details, Table C3). SAC (1:1/2:1) values at 1 bar were thereby determined 
to be 10.0/9.4 (SIFSIX-21-Cu) > 9.5/9.0 (NbOFFIVE-3-Cu) > 8.3/8.1 (TIFSIX-4-Cu) > 
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7.8/7.8 (SIFSIX-21-Ni) > 7.6/7.4 (TIFSIX-4-Ni) > 6.0/5.9 (NbOFFIVE-3-Ni) (Figures 
C45-C50). As presented in Table C1, under relevant partial pressures, SAC for the six HUMs 
studied in this contribution were found to be comparable to leading C2H2-capture sorbents such 
as SIFSIX-Cu-TPA(5.3),29 MUF-17(6),50 ZJU-60a(6.7),51 FJU-22a(7.1),33 TCuBr (9.5),30 
ZJUT-2a(10),52 TIFSIX-2-Cu-i(10),53  FJI-H8-Me(10.4),28 and MIL-100(Fe)(12.5).54   
The binding sites for CO2 and C2H2 in SIFSIX-21-Ni were determined by simulated 
annealing calculations (Figure 4.2). The binding energies at 0.1 bar obtained from canonical 
Monte Carlo (CMC) were in agreement with the experimentally derived low-loading Qst(C2H2) 
and Qst(CO2) obtained from single-component isotherms (Table C4). Results derived by these 
two simulation methods revealed that C2H2 molecules interact with a pair of diagonally 
opposite F atoms of the inorganic pillars (SiF6
2-) via two (C2H2)CH
+···F ‒ interactions. There 
are also CH···C(C2H2) interactions. CO2 molecules form C
+···F‒ and CH···O(CO2) 
interactions. To further understand these binding sites, density function theory (DFT) 
 
Figure 4.2. The binding sites in SIFSIX-21-Ni that result in strong C2H2 affinity versus CO2. 
Views of (a) C2H2 binding sites and (b) CO2 binding sites in SIFSIX-21-Ni as determined from 
molecular simulations (C2H2 and CO2 molecules are shown in space-filling model whereas 
SIFSIX-21-Ni is presented in ball-and-stick model). [Colour codes: N, blue; Si, yellow; F, 





refinements were conducted on the strongest binding sites of SIFSIX-21-Ni as identified by 
CMC simulations in order to calculate the adsorption enthalpies at low loading (one adsorbate 
molecule per unit cell). Employing the BEEF-vdW functional,55 adsorption enthalpies of -45.3 
and -30.1 kJ mol-1 were calculated for C2H2 and CO2, respectively. The adsorption enthalpy 
difference of 15 kJ mol-1 correlates well with experimental ΔQst values (Figure 4.1f). For the 
BEEF-vdW optimized structures (see Appendix C), the optimised binding pocket with 
adsorbed C2H2 has two short F‒···H
+ interactions (2.15 Å each, Figure C53a). For CO2, F‒
···C+ interactions of 3.69 Å and CH···O(CO2) interactions of 2.95 Å and 3.34 Å (Figure C53b) 
were determined. For CO2 adsorption, an alternate binding site with similar adsorption 
enthalpies (± 1 kJ mol-1) with shorter F‒···C+ interactions of 3.10 Å and CH···O(CO2) 
interactions of 2.59 and 3.15 Å was observed (Figure C53c). Because the adsorbates maximised 
their interactions within the binding pocket (Figure C53), these enthalpies are higher than the 
Qst(C2H2) and Qst(CO2) determined from CMC simulations, the latter representing the average 
binding energy distribution at a certain pressure. Therefore, the loss in translational entropy 
was found to be higher for C2H2 than for CO2. Experimental Qst values representing a 
distribution averaged energy over all possible adsorption configurations of 16.1 kJmol-1 (CO2) 
and 40.6 kJmol-1 (C2H2) were found to be slightly lower than the adsorption enthalpies 
computationally predicted from the optimal binding sites. Therefore, one can conclude that the 
average residence time of C2H2 in its most stable binding site compared to that of CO2 is higher, 
suggesting that CO2 will exhibit faster kinetics. When the CO2 binding site of SIFSIX-21-Ni 
is compared to that of SIFSIX-3-Ni, unlike the single  C+···F‒ binding interaction in 
SIFSIX-21-Ni, SIFSIX-3-Ni was found to exhibit four  C+···F‒ binding interactions to 
electronegative F atoms from four independent SiF6
2– anions.56 Like SIFSIX-18-Ni-, 
SIFSIX-21-Ni exhibits C+···F‒ and CH···O interactions with CO2, however SIFSIX-18-Ni- 
was found to exhibit multiple CH···O interactions thanks to the presence of extra methyl 
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groups in pzpz over pypz.11 Therefore, both SIFSIX-3-Ni and SIFSIX-18-Ni- exhibit 
significantly higher CO2 binding energies compared to SIFSIX-21-Ni.
11, 56 Conversely, 
SIFSIX-21-Ni exhibits CH+···F ‒ interactions with C2H2 similar to those observed in 
SIFSIX-2-Cu-i and TIFSIX-2-Cu-i thanks to their 'sweet spots' for C2H2 binding (F∙∙∙F 
distance of ca. 7 Å, see Figure 4.1b).13, 53 In summary, the binding sites in the pypz HUMs 
reported herein combine key features that imply strong C2H2 affinity versus CO2: CH
+···F+ 
interaction driven binding sites for C2H2; weak CO2-sorbent interactions. 
Adsorption kinetics 
 Kinetics is a key factor in determining the efficiency of gas separations.44 We therefore studied 
the pure gas adsorption kinetics for C2H2 and CO2 for each of the activated samples 
(SIFSIX-21-Ni, TIFSIX-4-Ni, NbOFFIVE-3-Ni, SIFSIX-21-Cu, TIFSIX-4-Cu, and 
 
Figure 4.3. Experimental dynamic column breakthrough curves. Binary C2H2/CO2 
mixture-based DCB experimental curves at 298 K and 1 bar on the studied family of pypz 
HUM sorbents (v/v = 1:1, solid line; 2:1, dashed line; C2H2 = red; CO2 = black) (a), (b) and (c): 
SIFSIX-21-Ni, TIFSIX-4-Ni, and NbOFFIVE-3-Ni respectively and (d), (e), (f): 





NbOFFIVE-3-Cu) by exposure to a constant flow of 10 cm3min-1 of C2H2 or CO2 at 303 K 
and 1.0 bar (Figures C54 and C55). After 5 cycles of C2H2 sorption, the order of uptakes were 
as follows: SIFSIX-21-Cu (7.8 %) < TIFSIX-4-Cu (9.7 %) < NbOFFIVE-3-Cu (10 %) for 
the Cu(II) HUMs; NbOFFIVE-3-Ni (4.2 %)  TIFSIX-4-Ni (4.3 %) < SIFSIX-21-Ni (5.9 %) 
for the Ni(II) HUMs (Figures C54 and C55). Meanwhile, the corresponding order after 3 cycles 
of CO2 sorption were as follows: NbOFFIVE-3-Cu (0.73 %)  SIFSIX-21-Cu (0.78 %) < 
TIFSIX-4-Cu (1.5 %) and SIFSIX-21-Ni (0.84 %)  TIFSIX-4-Ni (0.85 %) < NbOFFIVE-
3-Ni (0.96 %) for the Cu(II) and Ni(II) HUMs, respectively. The HUMs with the highest 
gravimetric uptakes, NbOFFIVE-3-Cu and SIFSIX-21-Ni, reached ca. 99% of their 
saturation uptakes in 54 and 35 minutes, respectively. For all HUMs, sorbent regeneration was 
conducted over five consecutive C2H2 adsorption/desorption cycles at 333 K under N2 flow in 
< 30 minutes (flow rate: 20 cm3min-1; Figures C54 and C55) for C2H2. 
Dynamic column breakthrough (DCB) studies 
We next investigated the C2H2/CO2 separation performances of these HUMs through DCB 
experiments57 with inlet gas mixture ratios 1:1 or 2:1 (v/v) for C2H2/CO2.
1 Binary gas mixtures 
were passed through a fixed-bed reactor (8 mm diameter) filled with ca. 0.5 g of each HUM 
with a total gas flow rate of 1 cm3min-1 at 1 bar and 298 K. Pre-activated samples were first 
heated at 333 K in a 20 cm3min-1 flow of He to remove atmospheric impurities as monitored 
by gas chromatographic (GC) analysis of the effluent gas stream. The sorbent beds were then 
cooled to room temperature under continuous He flow and subjected to DCB experiments. 
Eluted gaseous components were continuously monitored through GC analysis (see Appendix 
C for details, Figure C56). Figure 4.3 reveals that CO2 breakthrough occurred before that of 
C2H2 for each HUM and that SIFSIX-21-Ni was the best-performing sorbent, C2H2 
breakthrough occurring at 363 min g-1 and 298 min g-1 for the 1:1 and 2:1 gas mixtures, 
respectively. In contrast, the corresponding CO2 breakthrough occurred at 152 min g
-1 and 114 
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min g-1 for the 1:1 and 2:1 gas mixtures, respectively. The time lags of 211 min g-1 and 184 
min g-1 between C2H2 and CO2 breakthroughs for 1:1 and 2:1 gas mixtures, respectively, imply 
high C2H2 productivities.  
GC data revealed that, for the 1:1 experiments, C2H2 levels in the effluent CO2 gas stream 
were 623 ppm, 910 ppm, 1751 ppm, 2368 ppm, 2368 ppm and, 2718 ppm for SIFSIX-21-Ni, 
NbOFFIVE-3-Cu, TIFSIX-4-Cu, SIFSIX-21-Cu, TIFSIX-4-Ni and NbOFFIVE-3-Ni, 
respectively. Unlike the low uptakes of CO2 registered in single-component isotherms (Figures 
4.1d and 4.1e), in 1:1 and 2:1 C2H2/CO2 DCB experiments (Figure 4.3) revealed higher 
adsorbed CO2 amounts indicating coadsorption at lower partial pressures in dynamic 
experiments. Until C2H2 breakthrough occurred, CO2 purity values in the effluent streams were 
found to be as follows: > 99.9% for SIFSIX-21-Ni and NbOFFIVE-3-Cu; > 99.7% for 
TIFSIX-4-Cu, SIFSIX-21-Cu, TIFSIX-4-Ni and NbOFFIVE-3-Ni i.e. higher than the 
commercial specification for CO2 (N2.0, 99%). C2H2 uptakes calculated from the breakthrough 
curves for SIFSIX-21-Ni, NbOFFIVE-3-Cu, TIFSIX-4-Cu, SIFSIX-21-Cu, TIFSIX-4-Ni 
and NbOFFIVE-3-Ni were observed to be 3.22, 3.08, 2.8, 3.07, 3.02, and 2.88 mmolg-1, 
respectively (see Appendix C for details);58, 59 these values are consistent with the respective 
isotherm-based uptakes at 0.5 bar. The DCB experiments enabled calculation of the separation 
selectivities (AC) for 1:1 and 2:1 C2H2:CO2 mixtures: SIFSIX-21-Ni (27.7/10.0) > 
NbOFFIVE-3-Cu (16.9/7.9) > NbOFFIVE-3-Ni (15.0/6.5) > TIFSIX-4-Cu (5.4/4.1) > 
SIFSIX-21-Cu (4.6/3.1) > TIFSIX-4-Ni (4.4/3.1). SIFSIX-21-Ni exceeds the separation 
selectivities reported for UTSA-74a (20.1), JXNU-5 (9.9), JCM-1 (4.4), FJU-89 (3), SNNU-
45 (2.9), NKMOF-1-Ni (2.6), FJU-6-TATB (2.3), FJU-36a (2.1), HOF-3 (2), SIFSIX-Cu-
TPA (1.97), FJU-22a (1.9) and FeNi-M’MOF (1.7) (Table C1). After full saturation in the 
equimolar DCB experiments, temperature programmed desorption measurements were 
conducted at 333 K (Figure C57). The desorption profiles revealed complete adsorbent 
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regeneration in < 120 min under a He flow of 20 cm3 min-1 for SIFSIX-21-Ni and 
NbOFFIVE-3-Cu. 
A mapping of AC versus equilibrium single-component C2H2 uptakes at 1 bar indicates 
that SIFSIX-21-Ni, NbOFFIVE-3-Cu, NbOFFIVE-3-Ni, TIFSIX-4-Cu and UTSA-74a 
have potential to address the trade-off between adsorption capacity and separation selectivity 
for C2H2/CO2 separation as they are the only sorbents that exhibit AC ≥ 5 and adsorption 
capacity ≥ 3.5 mmolg-1 (see Figure 4.4a for a comparison of performance parameters). The 
unsaturated metal centres in UTSA-74a require high temperature for activation (473 K under 
high vacuum (Figure 4.4a). Conversely, the HUM sorbents require heating to only 333 K for 
sorbent regeneration. Overall, SIFSIX-21-Ni outperforms the other HUMs reported herein, 
UTSA-74a and other known C2H2 selective sorbents thanks to its high separation selectivity 
(27.7), C2H2 uptake (4.0 mmolg
-1) and low regeneration temperature. Interestingly, the high 
C2H2/CO2 separation selectivities for M’FSIX-pypz-M/NbOFFIVE-pypz-M can be 
attributed as much to weak CO2 binding as to strong C2H2 affinity as reflected in (Qst)AC 
values. SIFSIX-21-Ni exhibits a relatively low Qst(CO2) of 19.8 kJ mol
-1 at low loading versus 
other C2H2 selective physisorbents (Table C1), resulting in a high (Qst)AC of 18.1 kJ mol
-1. 
Indeed, (Qst)AC at low loading for SIFSIX-21-Ni is close to that of NKMOF-1-Ni (19.4) kJ 
mol-1 (Figure C59), which exhibits an exceptionally high Qst (C2H2) of 60.3 kJ mol
-1. However, 
as Figure C58 reveals, the Qst(C2H2) for NKMOF-1-Ni rapidly declines to 46.0 kJ mol
-1 at half 
loading, at which point (Qst)AC is reduced to 9.5 kJ mol
-1 (Figure 4.4b). (Qst)AC values at zero 
coverage, although widely used, tend to overestimate separation performance at relevant partial 
pressures. In our experience, for most C2H2 selective sorbents, particularly those with high 
surface areas, Qst(C2H2) at half and full coverage decline from their zero loading values because 
of weak multilayer adsorption. Therefore, comparing (Qst)AC at low coverage does not always 
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translate well to a prediction of relative binding affinity and is why we consider (Qst)AC at 
half loading to be a suitable metric to estimate relative binding for an equimolar mixture.42 
Figure 4.4b reveals that NbOFFIVE-3-Cu and SIFSIX-21-Ni set new benchmarks of 
(Qst)AC values  at half loading, 15.2 kJmol
-1 and 14.9 kJmol-1 respectively. This result is 
consistent with their DCB separation performances especially higher AC relative to those of 
TIFSIX-4-Ni, SIFSIX-21-Cu, TIFSIX-4-Cu and NbOFFIVE-3-Ni. Overall, (Qst)AC values 
of at least 7.5 kJmol-1 for all HUMs reported herein suggests thermodynamic preference for 
C2H2 over CO2 and correlates well with their high AC values. 
Spectroscopic Studies 
 
Figure 4.4. Comparison of separation selectivity versus uptake capacity and ΔQst 
(a) Comparison of C2H2/CO2 separation selectivity AC (v/v = 1:1) and gravimetric C2H2 uptake 
at 1 bar in benchmark C2H2/CO2 separating adsorbents; regeneration/activation temperatures 
(range 298 K to 473 K shown on the right side); (b) Comparison of (Qst)AC for the 





 In situ infrared spectroscopy. To further probe the binding sites of C2H2 and CO2 in these 
HUMs, we carried out in situ infrared (IR) spectroscopy measurement of C2H2 and CO2 
adsorption in the two best-performing adsorbents, NbOFFIVE-3-Cu and SIFSIX-21-Ni. The 
difference spectra for NbOFFIVE-3-Cu (Figure 4.5a) and SIFSIX-21-Ni (Figure C60) 
demonstrate characteristic stretching bands for adsorbed C2H2 and CO2 molecules, i.e. 
as(C2H2) at 3309-3209 cm-1 and as(CO2) at 2338 cm-1, whereas the perturbations of 
vibrational bands in the HUMs are characterized by the decrease in (CH)phenyl peak intensity 
and its derivative feature in the shorter region, 1700-1000 cm-1. The perturbed bands  
(CH)phenyl, (CC)phenyl, δ(CH)ip, phenyl,and (CN)phenyl (see Figures 4.5a, C60 and C61) indicate 
that C2H2 and CO2 interact with the linker ligand’s phenyl rings,
60 as predicted computationally 
 
Figure 4.5. In situ infrared spectra and 2H static NMR spectra.  (a) Difference IR spectra 
showing the adsorbed CO2 (orange) and C2H2 (pink) upon loading at 298 K and 1 bar adsorbate 
pressure into NbOFFIVE-3-Cu and subsequent evacuation of the gas phase within 3 seconds, 
respectively. Each is referenced to the spectrum of activated HUMs. Top inset shows the 
as(CO2) band and the bottom inset shows the decay of as(C2H2) bands under vacuum. Notation 
and acronym: , stretching; , deformation; ip, in plane. (b) Experimental 2H static NMR 
spectra of C2D2 adsorbed in NbOFFIVE-3-Cu (at a loading level of 0.4 C2D2 per Cu) as a 




(Figure 4.2). Analysis of this data revealed that concomitant loading of C2H2 perturbs the 
vibrational bands of the HUMs more than CO2, which is also indicative of stronger 
sorbent-sorbate interactions for C2H2. Particularly, two distinct as(C2H2) bands are present at 
3209 cm-1 and 3309 cm-1 in both NbOFFIVE-3-Cu and SIFSIX-21-Ni. These bands suggest 
two types of C2H2 binding sites with different binding strengths. This is in contrast to adsorbed 
CO2, which displays a single peak at 2338 cm
-1 in the corresponding IR spectrum, indicating 
only a single type of adsorbed CO2 molecule. The 3209 cm
-1 IR band decays slightly slower 
than the one at 3309 cm-1 (Figure C63), also implying stronger C2H2 binding inside the HUMs. 
Higher relative intensity suggests that the stronger binding sites are more populated with C2H2. 
C2H2 is well-known to be relatively acidic (pKa = 25) in the context of hydrocarbons and thus 
tends to form hydrogen bonding interactions as observed in several MOMs.56, 61 Similar to the 
well-studied OH or NH stretch vibrations,62 the as(C2H2) band undergoes a downward shift 
with respect to the gas phase value (at 3287 cm-1) upon forming intermolecular hydrogen 
bonds. The 3209 cm-1 band represents a red-shift of -76 cm-1 and is consistent with the C2H2 
binding site identified by simulation in Figure 4.2a. Overall, these in situ IR studies support the 
high adsorption selectivities for C2H2 over CO2. 
Solid-State NMR spectroscopy. Solid-state NMR spectroscopy is a powerful technique for 
investigating the behavior of gaseous molecules adsorbed by porous materials.63-65 To better 
understand the adsorptive properties of the HUMs studied herein, 13C and 2H static solid-state 
NMR experiments were conducted to directly monitor the behavior of 13CO2 and C2D2 
molecules adsorbed by NbOFFIVE-3-Cu. Figure C64 illustrates the 13C NMR spectra of 
NbOFFIVE-3-Cu loaded with 13C-labled CO2 at various temperatures. At 373 K, the spectrum 
contains a relatively sharp, symmetric peak at 125 ppm superimposed on a very broad profile. 
Comparing the spectrum of the HUM loaded with CO2 with the spectrum of empty HUM 
(Figure C64) indicates that the broad resonance in the spectrum of CO2-loaded HUM likely 
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originates from the linkers in the framework. The position of the sharp signal indicates that this 
signal is from adsorbed CO2. The sharpness of the resonance suggests that CO2 molecules are 
rather mobile, implying weak interaction of CO2 with the framework. Considering that 
13C 
enrichment of 13CO2 is 99% and that the framework carbon atoms are at natural abundance 
(1.1%), the relative intensity between two signals suggests that a relatively small amount of 
CO2 was adsorbed by the HUM, which is consistent with the poor S/N ratio of the spectrum. 
Previous studies showed that for MOMs featuring good affinity towards CO2, the 
13C spectra 
of adsorbed CO2 usually exhibited a significantly higher intensity under similar adsorption 
conditions.66-68 Overall, the 13C NMR results indicate that NbOFFIVE-3-Cu does not adsorb 
CO2 well. It is worth noting that the isotropic chemical shift of adsorbed CO2 (125 ppm) is the 
same as that of CO2 adsorbed in the diamagnetic MOMs,
66-68 suggesting the lack of a 
significant paramagnetic interaction between CO2 and Cu(II). This is likely due to the distances 
between the carbon of CO2 and nearby paramagnetic metal ions are rather long, i.e. 8.03, 7.16, 
6.03, 6.31 Å as shown in Figure C65 and that the CO2 is highly mobile. Similar situations have 
been observed in other Cu(II)-MOMs.69, 70 Upon lowering the temperature, sharp characteristic 
peak of CO2 gradually became broader and merged with the broad framework peak at 253 K. 
We attribute this is to reduced mobility of CO2 with decreasing temperature and chemical shift 
anisotropy, which is largely averaged by molecular motions at higher temperatures, becoming 
dominant and broadening the signal. 
In contrast to the 13C spectra of CO2 loaded in NbOFFIVE-3-Cu, the 
2H static NMR 
spectra of C2D2 loaded in this HUM exhibit much stronger signals (Figure 4.5b), suggesting 
that NbOFFIVE-3-Cu has a much higher affinity for C2D2 versus CO2 under the same loading 
conditions. The 2H static spectrum of adsorbed C2D2 at room temperature (293 K) exhibits a 
narrow pattern, suggesting a lack of significant paramagnetic interaction between the deuterons 
of C2D2 and Cu(II). This is consistent with the modelling study herein which indicates that the 
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two deuterium atoms in C2D2 are distant from nearby metal centres (5.1 - 6.4 Å). Inspection of 
the spectrum also reveals a well-defined line-shape with characteristic horns, shoulders, and 
“feet”. However, such a pattern cannot be simulated by a single site. Instead, analytical 
simulation using WSolids software71 revealed two components: a narrower component with a 
quadrupolar coupling constant (CQ) of 43 kHz and a non-zero asymmetry parameter (Q) of 
0.60; a broader component with a CQ of 65 kHz and Q of 0.0 (Figure C66b). The overall 
breadths of both patterns are markedly smaller than that of a static C2D2 (Figure 4.5b) which 
has a CQ of 198 kHz and Q = 0.72 This observation indicates that the first-order quadrupolar 
interaction is averaged by molecular motions experienced by C2D2. Seeing two separate 
patterns suggests that there are two types of C2D2 molecules in the unit cell and that they 
undergo different motions. In an attempt to identify the types of motions, dynamic simulations 
were further performed by using Express software package.73 Based on the simulation results, 
we propose that the narrower pattern results from the C2D2 molecules that simultaneously 
undergo two motions: (i) localized wobbling motion modeled by a C3 rotation and (ii) a 
delocalized hopping about a C2 axis (Figure C66d). A small portion (around 10%) of C2D2 only 
wobbles at its absorption site (Figure C66c), yielding a broader line. The spectra between 293 
and 353 K look similar, implying that the motions are in the fast exchange regime.  In the 
temperature range 273 - 173 K, the pattern for each spectrum is gradually broadened and loses 
its characteristic discontinuities. The overall breadth of the pattern at 173 K is much broader 
than the pattern at 293 K, inferring that C2D2 adsorbed by the HUM becomes much less mobile. 
However, it is difficult to analyze the spectra at low temperature. When loading was increased, 
the 2H spectrum comprised a sharp peak in the middle and a broad component at the bottom 
(Figure C67). The sharp peak is likely due to the C2D2 molecules inside the pores undergoing 
fast exchange with the C2D2 outside the HUM. They do not interact with the framework 
strongly. The broad component is attributed to C2D2 molecules inside the pores that have strong 
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interactions with the framework. The preference of C2H2 vs. CO2 indicated by solid-state NMR 
spectra, further supports our results from single-component sorption, DCB experiments, 
molecular modelling and in situ FT-IR spectroscopic studies. 
Accelerated stability tests74 (313K and 75% RH for 14 d) revealed that 
NbOFFIVE-3-Ni, SIFSIX-21-Cu, TIFSIX-4-Cu and NbOFFIVE-3-Cu exhibit excellent 
hydrolytic stability (Figures C68-c-f). Accelerated stability tests also revealed that both 
SIFSIX-21-Ni and TIFSIX-4-Ni (Figures C68a and C68b) underwent a phase change after 
exposure to humidity. Such phase changes have been observed in other HUMs and were 
attributed to inorganic pillar ligands being replaced by aqua ligands to afford corresponding 
sql networks.14, 75 SIFSIX-21-Ni was regenerated by heating the humidity exposed sample at 
358 K for 10 h in MeOH (Figure C69), whereas TIFSIX-4-Ni was regenerated by heating at 
393 K (Figure C70). 
4.5 Conclusions 
In summary, six new HUMs, SIFSIX-21-Ni, TIFSIX-4-Ni, NbOFFIVE-3-Ni, SIFSIX-21-
Cu, TIFSIX-4-Cu and NbOFFIVE-3-Cu, were studied with respect to their ability to separate 
C2H2 from CO2. Single-component sorption isotherms and equimolar C2H2/CO2 binary gas 
mixture DCB experiments revealed that four of these HUMs, SIFSIX-21-Ni, NbOFFIVE-3-
Ni, TIFSIX-4-Cu and NbOFFIVE-3-Cu, break the trade-off between high adsorption 
capacities ≥ 3.5 mmol·g-1 and high separation selectivities ≥ 5. SIFSIX-21-Ni outperformed 
all sorbents thanks to its benchmark separation selectivity (27.7) and high adsorption capacity 
(4 mmol·g-1). The key to the performance of SIFSIX-21-Ni is pore size and chemistry that 
enables relatively high surface area and strong C2H2 binding sites. This study once again 
highlights the ability of ultramicroporous sorbents to offer hitherto unattainable selectivity 
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Chapter Five: Amino-functionalised hybrid ultramicroporous materials 
that enable single-step ethylene purification from a ternary mixture 
 
5.1 Aim of the Chapter 
Pyrazine-linked hybrid ultramicroporous (pore size < 7 Å) materials (HUMs) offer benchmark 
performance for trace carbon capture thanks to strong selectivity for CO2 over small gas 
molecules, including light hydrocarbons. That the prototypal pyrazine-linked HUMs are 
amenable to crystal engineering has enabled second generation HUMs to supersede the 
performance of the parent HUM, SIFSIX-3-Zn, mainly through substitution of the metal 
and/or the inorganic pillar. Herein, we report that two isostructural aminopyrazine-linked 
HUMs, MFSIX-17-Ni (17 = aminopyrazine; M = Si, Ti), which we had anticipated would offer 
even stronger affinity for CO2 than their pyrazine analogs, unexpectedly exhibit reduced CO2 
affinity but enhanced C2H2 affinity. MFSIX-17-Ni are consequently the first physisorbents that 
enable single-step production of polymer-grade ethylene (> 99.95% for SIFSIX-17-Ni) from 
a ternary equimolar mixture of ethylene, acetylene, and CO2 thanks to coadsorption of the latter 
two gases. We attribute this performance to the very different binding sites in MFSIX-17-Ni 
versus SIFSIX-3-Zn. 
5.2 Note to Readers 
This chapter has been previously published in Angew. Chem. Int. Ed., 2021, 60, 10902 –10909 
and reproduced with permission from Wiley‐VCH GmbH. Soumya Mukherjee synthesized, 
characterized SIFSIX-3-Ni, SIFSIX-17-Ni and TIFSIX-17-Ni, and carried out breakthrough 
experiments. Naveen Kumar synthesized inorganic salts, TIFSIX-3-Ni, scaled-up other 
compounds and carried out single-component gas sorption studies. Andrey A. Bezrukov 
refined/solved the crystal structures from PXRD patterns. Kui Tan carried out in situ FT-IR 
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spectroscopy studies. Tony Pham investigated molecular modelling studies. All the authors 
contributed to the writing and/or editing of the manuscript. 
5.3 Introduction 
The chemical industry accounts for around 7% of World GDP with revenue of $5.7 
trillion/annum.1 Its energy footprint, which is driven by downstream purification of commodity 
chemicals, is even larger, representing ca. 15 % of global energy consumption.2 Overall, 
separation/purification of commodity chemicals alone represents ca. 40% of the industrially 
consumed energy.3 Forecasts have indicated that by 2050 there will be a three-fold increase in 
demand for commodity chemicals, demanding more energy-efficient approaches to commodity 
purification.3 As the basic feedstock for the production of plastics, detergents and coatings, 
ethylene (C2H4) is the highest volume product of the global chemical industry.
4 The production 
of C2H4 and propylene alone account for 0.3% of global energy.
5 The energy-intensive state-
of-the-art for production of polymer-grade (> 99.95% purity) C2H4 involves steam cracking of 
hydrocarbons.5, 6 Alternatively, oxidative coupling of methane (CH4) results in gas mixtures 
that include acetylene (C2H2) and carbon dioxide (CO2) in addition to C2H4.
7 Production of 
polymer-grade C2H4 therefore involves removal of these two impurities from C2H4/C2H2/CO2 
ternary mixtures. Presently, C2H2 is removed via one of two processes: catalytic hydrogenation 
(using expensive noble-metal catalysts at high temperature/pressure); solvent extraction 
(causing solvent waste with the need for large operating units). CO2 is also removed 
chemically, using caustic soda.5 Physisorbents offer potential to greatly reduce the energy 
footprint of separation processes.3, 8 Nevertheless, despite advances in gas purification from 
binary mixtures using physisorbents under ambient pressure and temperature,9 including 
C2H4,
10-12 C2H4 purification from ternary C2-CO2 mixtures remains an unmet challenge.
13, 14 
This is largely a consequence of the similar physicochemical properties (molecular sizes and 
boiling points, Scheme D1, see Appendix D) of the three components13, 15 and the absence of 
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physisorbents that selectively exclude C2H4. One approach to address this challenge is the use 
of multiple ultramicroporous physisorbents using synergistic sorbent separation technology, 
SSST.16 Another approach would be to exploit a single sorbent17-19 that is highly selective for 
both CO2 and C2H2 over C2H4 under ambient conditions, the first example of which is reported 
herein.  
Metal-organic materials (MOMs),20 including metal-organic frameworks (MOFs)21 and 
hybrid ultramicroporous materials (HUMs),22 are attractive candidates for sorbent design since 
they are modular.23 HUMs, which can generally be described as 2D square lattice (sql) 
metal-organic networks pillared by inorganic anions (e.g. SiF6
2-, TiF6
2-, NbOF5
2-) with pcu 
topology (Figure 5.1a), can combine the right pore chemistry (strong electrostatics) and pore 
size (high density of tight binding sites). The resulting energetic ‘sweet spots’ have enabled 
HUMs to be the current selectivity benchmarks for several industrially relevant binary gas 
separations, including C2H2 over C2H4 (SAE)
24, 25 and CO2 over N2 (SCN).
26-29 Unfortunately, 
these benchmark HUMs are unsuited for ternary C2-CO2 separations because, whereas they 
are highly selective for one of the two impurities over C2H4, they are not selective enough to 
address the other impurity. Herein, we report on the unexpected outcome of our study on the 
sorption properties of an amine functionalised variant of the SIFSIX-3-Zn (Figure 5.1b) family 
of HUMs,26 MFSIX-17-Ni (M = Si, Ti; 17 = pyz-NH2 = 2-aminopyrazine). 
5.4 Results and discussion 
Solvothermal reaction of pyz-NH2 with nickel hexafluorotitanate afforded the previously 
unreported HUM, [Ni(pyz-NH2)2(TiF6)]n, TIFSIX-17-Ni (Figures 5.1c, see Appendix D for 
full procedure, D1), as a dark green microcrystalline powder. TIFSIX-17-Ni is an analogue of 
the previously reported sorbent ZJUT-1 (ZJUT = Zhejiang University of Technology).30 
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ZJUT-1 (termed SIFSIX-17-Ni herein) was reported in 2018 and studied in the context of 
 
Figure 5.1. (a) Schematic illustration of the modularity of pillared square grids that form pcu 
topology HUMs, enabling exquisite control of both pore size and pore chemistry; (b) The 
prototypal pyrazine (pyz) linked HUM [Zn(pyz)2(SiF6)]n, SIFSIX-3-Zn, is formed from 
Zn(II)-pyz cationic sql nets and inorganic SiF6
2‒ (SIFSIX) pillars; (c) Schematic illustration of 
the building blocks (Ni(II), pyz-NH2 linker ligand (17), SIFSIX/TIFSIX inorganic pillars) and 
the pcu network topology of MFSIX-17-Ni. (d) Rietveld refinement plot for desolvated 
TIFSIX-17-Ni (dynamic vacuum, 298 K), Rwp = 4.69%. Powder X-ray diffraction, PXRD, 
data was collected using synchrotron radiation,  = 0.82455(2) Å. (e) Cross-sectional channel 
view of the desolvated crystal structure of TIFSIX-17-Ni along the crystallographic c axis; 
3.59  3.59 Å ultramicropores are formed. (f) Crystal structure of desolvated TIFSIX-17-Ni 
viewed along the a- and b-axes; Ni(II)-NH2-pyz sql layers are pillared by TiF6
2‒ anions. (g) 
Comparison of as-synthesised PXRD patterns (CuK radiation, λ = 1.54056 Å) of the 
MFSIX-17-Ni phases with the calculated pattern of TIFSIX-17-Ni. Colour codes: grey, C; 
blue, N; red, O; orange, F; green (polyhedra and sphere in Figures 1e and 1f respectively), Ni; 
greenish grey, Ti. 
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propyne/propylene separation but remains unexplored with respect to C2 and CO2 gas sorption. 
The structure of desolvated TIFSIX-17-Ni was determined from in situ synchrotron powder 
X-ray diffraction (PXRD) data obtained from beamline i1131 at the Diamond Light Source at 
298 K (Figure 5.1d, see Appendix D, Table D1 for details). TIFSIX-17-Ni has the same pcu 
network connectivity and is isostructural with its pyz based analogue, [Ni(pyz)2(SiF6)]n, 
SIFSIX-3-Ni.27, 32 The c distance is slightly greater in TIFSIX-17-Ni (Figure D6) than 
SIFSIX-3-Ni (~ 7.65 Å versus ~ 7.5 Å, respectively) (Figures 5.1f, D7). The a distances, 6.98 
Å (TIFSIX-17-Ni) versus 7.01 Å (SIFSIX-3-Ni), are comparable. The pore shape/chemistry, 
however, is profoundly affected by the amino group in TIFSIX-17-Ni. Specifically, axial F 
atoms in SiF6
2- orient towards the pore at 45° to the crystallographic a axis in desolvated 
SIFSIX-3-Ni, whereas the F atoms in desolvated TIFSIX-17-Ni orient at 35°, meaning that 
pyz rings are disordered between two positions and amino groups are disordered over four 
positions (Figure D8). This structural difference can be attributed to FNH2 H-bonding 
interactions and, as discussed below, importantly results in a longer FF diagonal distance 
across the pore (Figures 5.1f, D7, and D8). After confirming bulk phase purity (Figures 5.1g, 
D2, and D3), thermogravimetric analysis (TGA) profiles (Figure D9) indicated that activated 
SIFSIX-17-Ni and TIFSIX-17-Ni are stable to 493 K and 533 K respectively. In situ 
synchrotron PXRD experiments confirmed rigidity of the frameworks upon desolvation; only 
minor decreases in unit cell volumes of 2.9 % and 1.8 % were observed for SIFSIX-17-Ni and 
TIFSIX-17-Ni, respectively (Figures D4, D5). Contraction mainly occurred along the c axis: 
2.0 % along c versus 0.4% along a for SIFSIX-17-Ni; 1.2 % along c versus 0.3% along a for 
TIFSIX-17-Ni. The stability of MFSIX-17-Ni to humidity was confirmed using an accelerated 




The sorption properties of MFSIX-17-Ni were first examined using single-component 
isotherms (Figures D13-D26). Type I cryogenic (195 K) CO2 isotherms (Figures D13, D14) 
for both pyz-NH2 HUMs revealed Brunauer–Emmett–Teller (BET) surface areas of 229.2 
(SIFSIX-17-Ni) and 237.6 m2 g-1 (TIFSIX-17-Ni). The 298 K and 273 K isotherms indicated 
 
Figure 5.2. (a) CO2 and (b) C2H2 sorption isotherms at 298 K for MFSIX-3-Ni and 
MFSIX-17-Ni; the isosteric enthalpies of adsorption for (c) CO2 and (d) C2H2 for MFSIX-3-Ni 
and MFSIX-17-Ni. (e) Ideal adsorbed solution theory, IAST selectivity (at 298 K until 1 bar) 
trends for C2H2 over CO2, SAC and for CO2 over C2H2, SCA (1:1, v/v gas mixtures). (f) Dynamic 
column breakthrough, DCB experiments derived comparison of high-grade (99.9%) C2H4 
productivity (cm3 g-1) for binary C2H4/C2H2 and ternary C2H4/C2H2/CO2 (volumetric ratios of 
1:1 and 1:1:1, respectively) mixtures. Ambient temperature (298 K) and pressure (1 bar) 
experimental DCB curves for C2H4/C2H2/CO2 (1:1:1, v/v) ratio by a sorbent bed filled with (g) 
SIFSIX-17-Ni and (h) TIFSIX-17-Ni (total gas flow: 2.1 cm3 min-1). Insets of (g and h) present 
the C2H2 and CO2 effluent concentrations for SIFSIX-17-Ni and TIFSIX-17-Ni, respectively 
in the above-mentioned DCB experiments. 
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affinity for sorbates as follows: CO2 over nitrogen (N2) and CH4; C2H2 over C2H4 and ethane 
(C2H6) (Figures D15-D22). These affinities contrast to the isostructural pyz linked HUMs, 
MFSIX-3-Ni. Specifically, amine introduction resulted in enhanced C2H2 affinity and, 
unexpectedly given the presence of amino groups, reduced CO2 affinity (Figures 5.2a, 5.2b). 
These trends are most pronounced in the low pressure region (< 10,000 ppm or 0.01 bar) which 
is so critical for trace separations. Uptakes at 0.01 bar (mmol g-1) for CO2 were as follows: 
SIFSIX-17-Ni (0.20) < TIFSIX-17-Ni (0.32) < SIFSIX-3-Ni (1.76) < TIFSIX-3-Ni (2.16). 
The corresponding trend for C2H2 was SIFSIX-3-Ni (0.29) < TIFSIX-3-Ni (0.55) < 
SIFSIX-17-Ni (0.91) < TIFSIX-17-Ni (1.38). 
Low-coverage isosteric enthalpy of adsorption (Qst) values were determined from the 
CO2 and C2H2 adsorption isotherms recorded at 273 and 298 K (Figures D23-D26) by fitting 
them to a virial-type expression (see Appendix D; Figures D27-D30 and Tables D4-D7). 
MFSIX-3-Ni was found to exhibit higher Qst(CO2) values at low loading than the 
MFSIX-17-Ni HUMs: TIFSIX-17-Ni (37.8 kJ mol-1) < SIFSIX-17-Ni (40.2 kJ mol-1) < 
SIFSIX-3-Ni (44.4 kJ mol-1) < TIFSIX-3-Ni (49.5 kJ mol-1). The reverse trend was observed 
for Qst(C2H2): TIFSIX-3-Ni (38.8 kJ mol
-1) < SIFSIX-3-Ni (37.0 kJ mol-1) < SIFSIX-17-Ni 
(44.2 kJ mol-1) < TIFSIX-17-Ni (48.3 kJ mol-1). The Qst values were determined to be 
consistent across CO2 and C2H2 loading. This is supported by the rigid nature of both pyz-NH2 
HUMs as evident from in situ PXRD analyses (Figures D4, D5). These studies suggest single 
site CO2/C2H2 binding in MFSIX-17-Ni. Ideal adsorbed solution theory, IAST
34 selectivities 
were calculated by fitting the single-component C2H2, CO2 and C2H4 isotherms to the dual-site 
Langmuir-Freundlich DSLF equation (see Appendix D for details, Table D8) for binary gas 
mixtures of C2H2/C2H4 and C2H2/CO2 (both 1:1, v/v) at 1 bar and 298 K. High C2H2/C2H4 
selectivities (SAE) were obtained for both SIFSIX-17-Ni (506.4) and TIFSIX-17-Ni (670.9) 
(Figure D31, values in parenthesis denote SAE at 1 bar and 298 K). Figure 5.2e reveals 
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C2H2/CO2 selectivities (SAC) for SIFSIX-17-Ni and TIFSIX-17-Ni of 11.7 and 20.9 
respectively at 1 bar and 298 K, whereas CO2/C2H2 selectivities (SCA) for SIFSIX-3-Ni and 
TIFSIX-3-Ni of 6.6 and 17.6, respectively, were determined. To our knowledge, this is only 
the second occurrence of “inverted” C2H2 versus CO2 sorption within a family of 
physisorbents.35 
The similarity in Qst(CO2) and Qst(C2H2) values for MFSIX-17-Ni HUMs implies that 
coadsorption of CO2 and C2H2 could occur under dynamic conditions such as dynamic column 
breakthrough (DCB) experiments. Ambient temperature (298 K) and pressure (1 bar) DCB 
experiments were conducted using fixed-bed columns of each of the four HUM adsorbents 
with three inlet gas mixtures of fixed composition (v/v): two binary mixtures, C2H4/C2H2 (1:1), 
CO2/C2H2 (1:1); one ternary mixture C2H4/C2H2/CO2 (1:1:1) (Figures 5.2g, 5.2h; Figures 
D32-D34; for experimental details, see Appendix D). For the MFSIX-3-Ni HUMs, the 
respective breakthrough times confirmed effective separation for each of the three gas mixtures 
(Figures D32, D34) with C2H2 eluting last in each case except for the CO2/C2H2 (1:1) DCB 
experiment with TIFSIX-3-Ni (Figure D32d), for which coadsorption resulted in no 
separation. For the MFSIX-17-Ni HUMs, each DCB experiment was successful in terms of 
separating the three gas mixtures by eluting pure C2H4 or CO2 as the effluent (Figures 5.2g, 
5.2h; Figure D33). Unlike the MFSIX-3-Ni HUMs, which suffer from C2H4/C2H2 coadsorption 
(Figure D32),35 the binary C2H4/C2H2 DCB experiments with MFSIX-17-Ni HUMs led to 
negligible C2H4 uptakes (Figure D33) and elution of high-purity (> 99.95%) C2H4 for a 
relatively long time as supported by monitoring of C2H4 effluent purity levels during DCB 
experiments (Table D9). Perhaps our most significant observations concern the ternary 
C2H4/C2H2/CO2 (1:1:1) breakthrough experiments (Figures 5.2g, 5.2h, and D34). Whereas 
MFSIX-3-Ni separated the C2-CO2 stream, coadsorption of CO2 and C2H2 was found to occur 
only for a relatively short duration before CO2 adsorption dominated. The breakthrough 
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sequence was C2H4 (1/1 min g
‒1) < C2H2 (20/22.5 min g
‒1) < CO2 (32/32 min g
‒1) for the 
SIFSIX-3-Ni/TIFSIX-3-Ni packed sorbent beds (Figure D34). This resulted in low ethylene 
productivity and compromised ethylene purity in the effluent stream (Figure 5.2f; Table D9). 
Conversely, for the MFSIX-17-Ni sorbent beds, the breakthrough sequence was C2H4 (0.7/0.5 
min g‒1) < C2H2 (25/30 min g
‒1) < CO2 (25.8/32 min g
‒1) for SIFSIX-17-Ni/TIFSIX-17-Ni, 
respectively (Figures 5.2g, 5.2h). C2H4 effluent streams from the SIFSIX-17-Ni and 
TIFSIX-17-Ni fixed beds revealed C2H4 purity as high as 99.958% and 99.912% with 
high-purity ethylene productivities of 7.2 and 15.8 cm3 g-1, respectively (Figure 5.2f; Table 
D9). We attribute the similar elution times of CO2 and C2H2 to coadsorption driven by the 
similar affinities for these sorbents when exposed to C2-CO2 ternary mixtures. 
In situ infrared (IR) spectroscopy was employed to elucidate the mechanism of the 
sorbent-sorbate interactions. TIFSIX-3-Ni and TIFSIX-17-Ni were first heated in high 
vacuum for activation and then cooled to room temperature for recording the IR spectra of 
activated samples and to monitor the loading of CO2 and C2H2 (Figure 5.3). We first established 
the assignment of HUMs vibrational bands by comparing with the reported spectrum of matrix 
isolated (monomeric) pyz,36 and through density functional theory (DFT) calculations on the 
vibrational frequency of pyz-NH2 linker. Table D10 summarises the detailed assignment of 
observed bands in Figure 5.3. 1 bar CO2 was then introduced into the activated samples for  
5 min to ensure adsorption saturation. We note that the IR absorption of gas phase CO2 is 
prohibitively high at this pressure, precluding the observation of adsorbed CO2. We then 
evacuated the chamber and recorded spectra as a function of time during desorption. Within  
5 seconds of evacuation, the pressure of gas-phase CO2 drops below  0.7 mbar (negligible 
gas-phase IR absorption). The adsorbed CO2 within TIFSIX-3-Ni is initially detected by its 
characteristic peak at 2342 and 3699 cm-1 in the difference spectra of Figure 5.3a, which 
corresponds to the asymmetric stretching band as(CO2) and combination band a+s (CO2).37 
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The desorption of CO2 from TIFSIX-3-Ni was relatively slow, intensity of the as(CO2) band 
decreasing by only  35%  after  100 min of evacuation at room temperature (Figure D35). 
This is in agreement with the pure CO2 isotherm based strong binding of CO2 to 
TIFSIX-3-Ni.38 The peak width of as(CO2) band, determined by Voigt profile fitting, is 7.7 
cm-1 and the initial as(CO2) spectrum in TIFSIX-3-Ni exhibits an asymmetric line shape 
(Figure D36). Desorption of CO2 is facilitated upon heating the sample to 423 K for  20 min 
in vacuum. After evacuation of most of the adsorbed CO2 molecules from TIFSIX-3-Ni 
(Figure D36), the remaining as(CO2) band narrows and red-shifts to 2339 cm-1, the same 
position as the adsorbed CO2 in TIFSIX-17-Ni. Meanwhile, the spectral line becomes more 
 
Figure 5.3. IR spectra showing adsorbed CO2 and C2H2 in TIFSIX-3-Ni (a) and TIFSIX-17-Ni 
(b), respectively. Top and middle panels: difference spectra of unloading CO2 (top) and C2H2 
(middle) process from two HUMs under vacuum, each spectrum is referenced to the spectra of 
activated TIFSIX-3-Ni and TIFSIX-17-Ni sample. The orange and pink spectra are recorded 
after subsequent evacuation of ~1 bar gas phase CO2 and C2H2 within  5 sec. Bottom panel: 
IR spectra of activated TIFSIX-3-Ni and TIFSIX-17-Ni, referenced to pure KBr pellet in 
vacuum (< 0.027 mbar base pressure). 
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symmetric. The broadening and asymmetric line shape of the as(CO2) band in TIFSIX-3-Ni 
suggests strong vibrational dynamic coupling between adsorbed CO2 molecules and the 
pyz-linked ultramicropores under high loading.39 Our previous reports on MFSIX-3-Ni have 
identified binding sites via molecular modelling35 and PXRD derived structural solution.32 
These studies revealed that CO2 interacts primarily with four electronegative F atoms from 
surrounding SiF6
2– anions and are key to its benchmark CO2 selectivity.
27 However, the 
interactions between CO2 and TiF6
2– anions in TIFSIX-3-Ni and TIFSIX-17-Ni cannot be 
directly characterised by IR spectroscopy since the vibrations of TiF6
2‒ occur below 650 cm-1, 
beyond the detection range of an infrared MCT-A detector. Nevertheless, difference spectra 
offer additional evidence that CO2 interacts with the pyz linker in TIFSIX-3-Ni, as suggested 
by the strong perturbation of characteristic bands including (CH), (CC)phenyl, (CH)ip and  
(CH)oop. In comparison with TIFSIX-3-Ni, the spectra for TIFSIX-17-Ni exhibit marked 
differences in both CO2 and perturbed phenyl ring bands. For as(CO2) band at 2139 cm-1 in 
TIFSIX-17- Ni, its peak width is 5.5 cm-1, narrower compared to that in TIFSIX-3-Ni. The 
band decreases quickly upon evacuation and within  100 min only < 5% of its initial intensity 
remained (Figure D35). A fast reduction of the combination band as+s, at 3696 cm-1 is also 
evident in Figure 5.3b. Perturbation of the phenyl ring bands is also much weaker compared to 
TIFSIX-3-Ni, thus supporting the sorption experiments which indicate that introduction of the 
NH2 group reduces CO2 affinity in TIFSIX-17-Ni. This behaviour can be attributed to two 
effects. First, the presence of NH2 within the channel isolates the adsorbed CO2 molecules and 
prevents their dynamic coupling as indicated by the narrowing of as(CO2) band in 
TIFSIX-17-Ni. Secondly, CO2 interactions with pyz cause the degree of phenyl ring modes’ 
perturbation to decrease when the hydrogen atoms of the pyz linker are substituted by -NH2. 
Chemisorption driven carbamate formation,40 as encountered in amine-grafted physisorbents, 
did not occur according to the difference spectra for TIFSIX-17-Ni in the region 1000-1800 
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cm-1. No peaks associated with the (C=O), (C-N) bands of carbamate were observed.41 
Furthermore, we found that the (N-H) bands exhibited an unusual blue shift upon loading of 
CO2. This observation suggests that adsorbed CO2 molecules did not form H-bonding 
interactions with the -NH2 group, which would have shifted the (N-H) frequency 
downwards.42 Rather, this result is indicative that the N-H bond is strengthened by 
encountering a repulsive force from the adsorbed CO2.  
The samples were in situ regenerated in vacuum at 383 K and cooled back to 298 K for 
the corresponding C2H2 experiments. Upon adsorbing C2H2, the perturbations of phenyl modes 
behaved similarly to CO2 loading, i.e., they are more significant in TIFSIX-3-Ni than in 
TIFSIX-17-Ni. However, we noted that the (N-H) bands respond differently from loading of 
CO2. The two (N-H) bands increase in intensity upon increased dosing of C2H2 (Inset, Figure 
5.3b). The intensity of (N-H) bands is usually correlated with the basicity of the amine group. 
As the basicity decreases when −NH2 bind with an acidic group, the (N-H) bands grow 
stronger.43 C2H2 is well-known to show acidity and can form HCCH···N complexes through 
strong hydrogen bonding according to ab initio calculations.44 It was determined by GCMC 
simulations that the C2H2 binding site in SIFSIX-3-Ni involves multiple C-H···F 
interactions.16 We infer that the adsorbed C2H2 forms C-H···N hydrogen bonds with -NH2 in 
TIFSIX-17-Ni. This is supported by the observation that the stretching band (C-H) of 
adsorbed C2H2 within TIFSIX-17-Ni appears at a lower frequency of 3195 cm
-1 and displays 
broader line-shape when compared with the corresponding peak in TIFSIX-3-Ni. 
Insights into the nature of the binding sites for C2H2, CO2, and C2H4 in TIFSIX-17-Ni 
were revealed through classical molecular simulations (for full details, see Appendix D). 
Figures 5.4d, 5.4e and 5.4f show a comparison of the modelled binding sites for each adsorbate 
in TIFSIX-17-Ni versus those in SIFSIX-3-Ni (Figures 5.4a, 5.4b and 5.4c).16 It was observed 
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that all three molecules are oriented vertically along the c-axis in the channels of SIFSIX-3-Ni, 
where they interact with equatorial F atoms of the SiF6
2– groups. On the other hand, the tilt of 
the pyz rings, longer F···F diagonal distance across the unit cell, and presence of the –NH2 
groups on the linkers in TIFSIX-17-Ni cause the C2H2 molecules to align within the pores at 
an angle with respect to the square grid. This results in shorter H···F interactions between the 
C2H2 and the inorganic pillars compared to those in SIFSIX-3-Ni. The C2H2 molecules also 
interact favourably with the –NH2 groups on the linkers as it is adsorbed near the TiF6
2– pillars. 
Both types of HUM–adsorbate interactions contribute to a high calculated binding energy for 
C2H2 in TIFSIX-17-Ni, especially compared to that in SIFSIX-3-Ni. 
C2H4 exhibits a similar orientation within the channels of TIFSIX-17-Ni to that of C2H2 
but makes fewer contacts with the framework, resulting in lower affinity and selectivity for 
C2H4. The calculated binding energy for C2H4 in TIFSIX-17-Ni was determined to be lower 
 
Figure 5.4. C2H2 (a, d), C2H4 (b, e) and CO2 (c, f) binding sites in SIFSIX-3-Ni (top) and 
TIFSIX-17-Ni (bottom). Closest contacts between HUM atoms and the gas molecules are 
defined by the distances (in Å) between the H atom of hydrocarbons and the closest framework 
atoms. Adsorbed C2 and CO2 molecules are presented in space-filling mode (C, grey; H, white; 




than both C2H2 and CO2, consistent with the results obtained for SIFSIX-3-Ni.
16 The 
orientation of CO2 molecules around the TiF6
2– pillars in TIFSIX-17-Ni is similar to that 
observed in SIFSIX-3-Ni as well as to other members of the SIFSIX-3-M series.26, 32, 45 
However, the CO2 molecule exhibits O···N repulsion with the surrounding –NH2 groups on 
the linker, thereby decreasing its interaction energy relative to that of SIFSIX-3-Ni. The trend 
in the calculated binding energy for the different adsorbates localised in TIFSIX-17-Ni is C2H2 
> CO2 > C2H4 (see Appendix D, Figures D38-D40), which is consistent with the trend in the 
experimental low-coverage Qst values. 
5.5 Conclusions  
MFSIX-17-Ni are the first physisorbents that enable single-step production of polymer-grade 
(> 99.95%) ethylene from a ternary equimolar mixture of ethylene, acetylene, and CO2 under 
ambient conditions. We attribute these results to the binding sites in MFSIX-17-Ni, which are 
very different to those in the isostructural family of HUMs based upon SIFSIX-3-Zn. These 
binding sites are impacted by the presence of amino groups and enable coadsorption of CO2 
and C2H2, thanks to high affinity towards both gases. This study once again illustrates how 
apparently subtle changes in pore size,46 shape47 and chemistry48 in ultramicroporous materials 
can profoundly impact selectivity and separation performances,13, 22 in this case enabling 
single-step production of polymer grade C2H4 by removing both C2H2 and CO2 from a ternary 
C2-CO2 gas mixture. 
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Chapter Six: Conclusions and future directions 
6.1 Conclusions 
In this thesis, we report several second generation sql coordination networks and HUMs, 
varying their linker ligands, metal cations and/or inorganic anions. In order to enhance their 
separation performances, we optimize their pore size and pore chemistry. Herein, we have 
demonstrated how compositional modularity and amenability to crystal engineering can indeed 
be leveraged to improve adsorptive separations in sql coordination networks and HUMs. 
Contextualising the industrially relevant HC separations, these sorbents deliver performances 
optimal for translating these materials and analogous (isostructural or isoreticular) families to 
higher technological readiness levels (TRLs) by process engineering.1-4  
Generally, organic linker ligands in sql coordination networks define pore size and pore 
chemistry.1, 5, 6 Conversely, organic linker ligands as well as inorganic linker ligands are key to 
define pore size and pore chemistry in HUMs.1, 7, 8 As reported in chapters 2 and 3, the 
simultaneous use of two N-donor organic linker ligands bpy and bptz enabled us to design a 
new mixed-linker sql network, sql-1,3-Co-NCS whereas the use of bipy-xylene enabled the 
synthesis of a new ultramicroporous sql coordination network, sql-16-Cu-NO3-′. The 
electron-deficient tetrazine moieties from bptz in sql-1,3-Co-NCS exhibited C-H⸱⸱⸱ and  -  
stacking interactions with the respective xylenes, and thereby elicit selectivity for xylenes over 
ethylbenzene. Recent literature reports have seen a surge in the discovery of ultramicroporous 
sorbents getting recognised as benchmarks for C1-C4 LH separations, thanks to their tight 
binding driven “sweet spots” suited for optimal binding.1, 2, 9, 10 Interestingly, despite high 
C2H2/CO2 (1:1, v/v) separation selectivity of sql-16-Cu-NO3-′ (reported in chapter 3), it 
suffers from low adsorption capacity due to its low gravimetric surface area (BET area: 179 
m2g‒1). Here our observations are aligned with the existing trade-off between adsorption 
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capacity and selectivity that often compromise the suitability of porous materials to address 
commodity purifications by physisorptive separation.  
Recent literature trends establish HUMs as outstanding sorbents for C1-C4 LH 
separations. Nevertheless, their narrow pore sizes tend to limit surface areas and hence, 
adsorption capacity.2, 3, 10 In this context, in chapter 4, starting from an asymmetric ligand, 
pypz; an inorganic ligand (SiF6
2‒, TiF6
2‒, NbOF5
2‒) and a 3d transition metal (Ni2+ or Cu2+) we 
report six isostructural members of a new HUM platform. The six HUMs exhibit higher 
gravimetric surface area (a range of 747‒931 m2g‒1) than the existing HUMs (such as the Gen-1 
and Gen-2 pyrazine and bipyridine linked variants) and significantly higher than 
sql-16-Cu-NO3-′. As a result, these HUMs were found to exhibit high adsorption capacity in 
addition to high separation selectivity for C2H2/CO2 separation. Four of these HUMs, 
SIFSIX-21-Ni, NbOFFIVE-3-Ni, TIFSIX-4-Cu, and NbOFFIVE-3-Cu breaks the existing 
trade-off between adsorption capacity and selectivity for C2H2/CO2 separation with adsorption 
capacities ≥ 3.5 mmolg-1 and high separation selectivities ≥ 5. Here also, we learnt the 
importance of linker ligands in defining pore size and pore chemistry. This further 
re-emphasises our conclusion that precise control over pore size and pore chemistry may 
impact the separation performance to a great extent. However, one limitation revealed by this 
work (detailed in chapter 4) was the coadsorption of CO2 and C2H2, thereby reducing the 
amount of pure effluent produced. Intuitively, such coadsorption might be beneficial to 
separate ternary/quaternary mixtures that we critically examine in our next chapter. 
Whereas the chapters 2-4 address HC separations by focusing upon equimolar binary 
mixtures, only separating multiple-component HC mixtures with energy efficiency is likely to 
meet the industrial requirements that entails removal of multiple impurities. In this context, we 
report two isostructural HUMs, SIFSIX-17-Ni, and TIFSIX-17-Ni in chapter 5 to enable the 
production of pure C2H4 from a ternary equimolar mixture of C2H4, C2H2, and CO2 under 
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ambient conditions. The presence of amino-functionalised pyz, pyz-NH2 in SIFSIX-17-Ni, and 
TIFSIX-17-Ni enabled coadsorption of C2H2 and CO2, thanks to their high affinity for both 
gases. In essence, this work sheds light on a crystal engineering design principle to induce 
coadsorption of CO2 and C2H2 and will potentially lead us and others to single bespoke 
physisorbents removing multiple (> 3) impurities to afford pure polymer-grade ethylene. 
In conclusion, the results presented herein demonstrate that the linker ligands arguably 
play the most significant role in defining the pore size and pore chemistry in sql coordination 
networks and HUMs, while installing such a well-regulated pore environment transpires as the 
key to enable commodity separations/purifications. 
6.2 Future directions 
In this thesis, we elucidate that crystal engineering the first generation MOMs with benchmark 
properties can iterate families of second generation MOMs, thereby optimizing their pore size 
and pore chemistry suited to selectively bind several HCs of industrial relevance. The studied 
crystal engineering blueprints and resulting structure-function relationships offer a future 
roadmap to pursue, some of which are listed below. 
• Varying the linker ligands and metal ions of sql-1,3-Co-NCS reported in chapter 2 to 
study the understudied family of mixed-linker sql coordination networks and evaluate 
their adsorptive separations. 
• Guided by strong preference for xylenes over EB, evaluating sql-1,3-Co-NCS to purify 
EB from a quaternary mixture of PX, OX, MX, and EB. 
• Evaluation of sql-16-Cu-NO3-′and a family of six HUMs SIFSIX-21-Ni, 
TIFSIX-4-Ni, NbOFFIVE-3-Ni, SIFSIX-21-Cu, TIFSIX-4-Cu, and 
NbOFFIVE-3-Cu reported in chapters 3 and 4 respectively, for C3 and C4 LH 
separations. Thanks to their ultramicropores and inorganic anions lined along the pore 
151 
 
walls, electrostatic interactions strongly drive the observed separation of C2H2/CO2 
mixture.  
• Crystal engineered synthesis of new HUM families reported in chapter 4, by 








2‒; comparing their C2H2/CO2 separation performances to see their effect on 
coadsorption incurred in all six HUMs reported in chapter 4. 
• Evaluating SIFSIX-17-Ni and TIFSIX-17-Ni reported in chapter 5 for C2H4 
purification from an equimolar quaternary mixture of C2H2, C2H2, C2H6 and CO2 
through synergistic sorbent separation technology,11 by combing with a lead C2H6 
selective sorbent. This is likely to be achieved because of C2H2 and CO2 coadsoption 
by SIFSIX-17-Ni and TIFSIX-17-Ni. 
• Advanced in situ techniques to better understand the switching sorption behaviour in 
sql coordination networks we report in chapter 2 and 3 and related families of square 
pillared layered metal-organic sorbents. 
• Designing third generation MOM sorbents in order to replace the existing separation 
technologies. These new materials must fully address the “spectrum of performance 
parameters”12 and we propose to achieve this by evaluating performances in terms of 
their cost, stability, scale-up, and multi-cycle regenerability at lab scale (translating 
beyond TRL4). 
• Exploring several other aspects of sql coordination networks and HUMs that remain 
understudied. For example, a) the formulation of benchmark sorbents into regular 
shaped/sized pellet based fixed-bed development and b) studying the effects of particle 
size, defect engineering, and hierarchical assembly derived porous solids, composites, 
and membranes. Accomplishing these unmet objectives in sql coordination networks 
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and HUMs can potentially translate the current research on porous materials into the 
higher TRL levels.  
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Appendix A: Supplementary Data for Chapter Two 
A.1 Hypothetical number of rectangular sql vs. single-linker sql network 
(net)s 
 
Figure A1. Number of hypothetical mixed-linker sql/rectangular sql and single-linker sql nets 
as the function of the number of distinct linkers in the library. 
A.2 Timeline for sql coordination nets 
 
Figure A2. Timeline outlining the emergence of various types of sql coordination nets. 
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A.3 Survey of crystallographic and topological databases 
The list of MOMs having sql net topology was obtained from the TTO TOPOS database1 
(version: May 2019); valence-bonded MOFs in standard representation were used. The enlisted 
MOM crystal structures from the TTO database were analyzed using queries to the Cambridge 
Structural Database (CSD version 5.40, November 2018) through the CSD Application 
Programming Interface (CSD Python API).2  
The analysis was performed using custom-written Python script which implements the 
algorithm briefly described below. The algorithm comprise of two major steps (Figure A3). In 
the first step, for 7503 sql nets in (CSD database)∩(TTO database) the organic linkers were 
identified. In the second step, the structures based on commonly occurring organic linkers 
(linkers listed in Figure 2.1) were classified as single-linker sql nets (Type I, Figure 2.1) or 
mixed-linker sql/rectangular sql nets (Type II, Figure 2.1). 
First, the organic linkers and their corresponding descriptors were identified for crystal 
structures by the algorithm. Asymmetric unit of the crystal structure was repeatedly grown 
(covalent bonds were expanded) on every non-metal atom, ensuring that there is no ‘broken’ 
ligands and all ligands are accounted in the analysis. In the ‘expanded’ asymmetric unit, the 
metal atoms and bonds involving metal atoms were removed, thus only organic ligands were 
left in the structure. Then, for every organic ligand, the non-metal atoms of the ligand 
coordinating to metal atoms in the parent structure were identified. The organic ligand was 
considered as a linker, in case the organic ligand was coordinating to at least two different 
metal atoms through at least two different non-metal atoms. For every linker in the crystal 
structure, a linker connectivity type (non-metal atom coordinated to the metal, e.g. cyclic N, 
carboxylate O), SMILES representation of the linker structure (if available) and formula of the 
linker were determined. These descriptors were used in consequent classification steps.  
156 
 
The sql net is a mixed-linker net, if there are ≥ 2 distinct organic linkers in the structure. 
In the classification steps, the set of distinct linkers was determined for sql net. The linker was 
considered as distinct in case it had unique combination of linker descriptors: connectivity, 
SMILES and formula. Such a strict requirement was applied in order to prevent overlooking 
the mixed-linker structures, however this strategy resulted in a somewhat high number of false 
positives due to linker disorder, wrong H modelling, different SMILES representation etc. or a 
combination thereof. The resulting positives of the automated classification were manually 
accessed: true positives were classified as mixed-linker sql nets, while false positives were 
classified as single-linker sql nets. 
Repetitions were treated in the following way. Crystal structures having identical 6-letter 
part of the CSD RefCode were considered as same structures, thus counted as one structure.  
This was considered as a viable approach, because such structures had same organic linkers if 
disorder is ignored (except VASNOT and VASNOT01). 
The mixed-linker sql nets found by the algorithm are listed in Tables A1-A5 (except 
Type II-ab, where 1300+ nets were found).  
 





Figure A4. Number of structures reported for different types of sql nets (discussed in the 
text/manuscript). 
 
Table A1. Type II-a mixed-linker sql/rectangular sql nets found in the database survey. 
RefCo
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* Rectangular sql net QATDEU was reported in the same publication as QATCUJ and QATDAQ. The 
structure was not in the list of sql structures obtained from the TOPOS TTO database, therefore it was 







Table A2. Type II-b mixed linker sql/rectangular sql nets found in the database survey. 
RefCod
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Table A3. Type II-c mixed linker sql/rectangular sql nets found in the database survey. 
RefCode Formula DOI Organic linkers 
DARYEB (C12H10CdN2O5)n(H4N2)n 10.1021/ic0504137 
 
NIFKET (C12H8CuN2O4)n 10.1016/j.inoche.2007.03.019 
 
YEVWIG (C12H8N2O4Zn)n 10.1016/j.molstruc.2006.05.024 
 





Table A4. Type II-bc mixed linker sql/rectangular sql nets found in the database survey. 
RefCode Formula DOI Organic linkers 
AYOGEB (C7H8LaN3O8)n(H2O)n 10.1107/S1600536811034404 
 
KAGYOI (C7H8N3O8Pr)n(H2O)n 10.1039/c0dt00031k 
 
KAGYUO (C7H8N3NdO8)n(H2O)n 10.1039/c0dt00031k 
 
LEKMOG (C26H16N2O8Zn)n 10.1021/acsami.7b13367 
 




Table A5. Type II-ac mixed linker sql/rectangular sql nets found in the database survey. 
RefCode Formula DOI Organic linkers 
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CILKIT (C8H7N5O2Zn)n 10.1016/j.molstruc.2013.09.031 
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A.4 Experimental Section 
All materials were used as received from commercial sources. 4,4ʹ-bipyridyl (hereafter, 
abbreviated as 1) was used as received without any further purification. 
4,4ʹ-bis(4-pyridyl)tetrazine (hereafter, abbreviated as 3) was synthesized following a reported 
procedure.3  
Synthesis of square lattice (sql) coordination nets 
Solvothermal reaction to scale-up [Co(1)(3)(NCS)2]n∙2PX, sql-1,3-Co-NCS∙2PX  
Single crystals of the compound sql-1,3-Co-NCS∙2PX were obtained by solvothermal reaction 
as following: a suspension of 3 (0.015 mmol, 3.5 mg), 4,4′-bipyridine (1) (0.015 mmol, 2.3 
mg) and Co(NCS)2 (0.013 mmol, 2.3 mg) in dichloromethane (1 mL), p-xylene (1 mL) and 
MeOH (1 mL) were reacted at 60 °C in a small 10.5 mL glass vial for two days, keeping in a 
fixed-temperature oven. The crystals were collected in quantative yield by filtration and 
washed with p-xylene three times. 
[Co(1) (3) (NCS)2]n∙2MX, sql-1,3-Co-NCS∙2MX   
Single crystals of sql-1,3-Co-NCS∙2MX were prepared in the same procedure as 
sql-1,3-Co-NCS∙2PX via both solvent diffusion and solvothermal, except m-xylene was used 
instead of p-xylene.   
Single crystals of singe-linker sql nets [Co(3)2(NCS)2]n∙2OX, sql-3-Co-NCS∙2OX and 
[Co(1)2(NCS)2]n∙4OX, sql-1-Co-NCS∙4OX  
Synthesis of sql-1,3-Co-NCS∙2OX was attempted using same synthesis procedure as 
sql-1,3-Co-NCS∙2PX synthesis, except o-xylene was used instead of p-xylene. Both solvent 
diffusion and solvothermal syntheses yielded stoichiometric mixture of single crystals of 
sql-3-Co-NCS∙2OX and sql-1-Co-NCS∙4OX instead of the desired sql-1,3-Co-NCS∙2OX. 
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Unit cell parameters of the sql-1-Co-NCS∙4OX single crystals were matching with our 
previous report.4 
Single crystals of singe-linker sql nets [Co(3)2(NCS)2]n∙2EB, sql-3-Co-NCS∙2EB and 
[Co(1)2(NCS)2]n∙2EB, sql-1-Co-NCS∙2EB 
Synthesis of sql-1,3-Co-NCS∙2EB was attempted using same synthesis procedure as sql-1,3-
Co-NCS∙2PX synthesis, except ethylbenzene was used instead of p-xylene. Both solvent 
diffusion and solvothermal syntheses yielded stoichiometric mixture of single crystals of sql-
3-Co-NCS∙2EB and sql-1-Co-NCS∙2EB instead of desirable sql-1,3-Co-NCS∙2EB. Unit cell 
parameters of the sql-1-Co-NCS∙2EB single crystals were matching with our previous report.4 
Single crystals of singe-linker sql nets [Co(3)2(NCS)2]n, sql-3-Co-NCS and 
[Co(1)2(NCS)2]n, sql-1-Co-NCS 
Synthesis of sql-1,3-Co-NCS was attempted using same synthesis procedure as sql-1,3-Co-
NCS∙2PX synthesis, except no aromatic solvents were used. Both solvent diffusion and 
solvothermal syntheses yielded stoichiometric mixture of single crystals of sql-3-Co-NCS and 
sql-1-Co-NCS instead of desirable sql-1,3-Co-NCS. Unit cell parameters of the sql-1-Co-
NCS single crystals were matching with our previous report.4 
A.5 Structural Studies of square lattice (sql) coordination nets 
Single Crystal X-ray Diffraction 
Single crystal X-ray diffraction data of all the crystals were collected on a Bruker Quest 
diffractometer equipped with a IμS microfocus X-ray source (Cu Kα, λ = 1.54178 Å) and 
CMOS detector. APEX3 was used for collecting, indexing, integrating and scaling the data.5 
Open-flow nitrogen attachment with Oxford Cryosystem was used for low temperature 
measurements. Absorption correction was performed by multi-scan method.6 Space groups 
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were determined using XPREP7 as implemented in APEX3. All the scaled data were solved 
using intrinsic phasing method (XT)8 and refined on F2 using SHELXL9 inbuilt in OLEX2 v1.2 
(2009) program.10 All non-hydrogen atoms present in the frameworks were refined 
anisotropically.  Hydrogen atoms were located at idealized positions from the molecular 
geometry and refined isotropically with thermal parameters based on the equivalent 
displacement parameters of their carriers. Two of the reported structures were refined from 
twin crystals. Crystal of sql-3-Co-NCS∙2EB proved to be an inversion twin (BASF=0.07), 
whereas that of sql-3-Co-NCS∙2OX a two domain non-merohedral twin (BASF=0.37), with 
domains joined with rotation of 180° along direction [11̅0]. Appropriate PART instructions 
were used to model framework disorder in structures of sql-1,3-Co-NCS∙3EtOH, sql-3-Co-
NCS∙2EB and sql-3-Co-NCS∙2OX, and disordered guest molecules in the structures of sql-3-
Co-NCS∙2EB and sql-3-Co-NCS∙2OX. Due to the low quality of collected data and very 
complicated disorder of OX molecules in sql-3-Co-NCS∙2OX; (four OX molecules in the 
asymmetric part of the unit cell were disordered over nine positions), occupancy of OX 
molecule at each position was refined individually, rounded up, and then fixed for the final 
refinement. Where needed, especially for disordered sections of the frameworks and guest 
molecules, constraints (AFIX) and restraints (SIMU, DELU, ISOR) were used to ensure proper 
geometry of the molecules, and to allow anisotropic refinement of non-hydrogen atoms. 
Crystallographic data for all the sql coordination nets reported in this paper, are summarized 
in Tables A6 and A7. All crystal structures have been deposited to the Cambridge 
Crystallographic Data Centre (CCDC 1916015-1916019, 2006768). 
A.6 Characterization and Property Studies of square lattice (sql) 
coordination nets 
Powder X-ray Diffraction 
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Powder X-ray diffraction experiments were conducted using microcrystalline samples on a 
PANalytical Empyrean diffractometer (40 kV, 40 mA, Cu Kα1,2, λ = 1.5418 Å) in 
Bragg-Brentano geometry. A scan speed of 0.044509°/s (2.6°/min), with a step size of 0.0262° 
in 2θ was used at room temperature with a range of 5°< 2θ < 40°. 
Thermogravimetric Analysis (TGA) 
TGA for all the compounds, weighing approximately 5-10 mg, were carried out under N2 
atmosphere in a TA Q50 thermal analyzer between room temperature and 550 °C, with a 
constant heating rate of 10 ºC/min. 
Low Pressure Gas Adsorption Studies 
Low pressure gas adsorption experiments (up to 1 bar) of the activated sample of 
sql-1,3-Co-NCS·3EtOH were conducted on a Micromeritics 3Flex 3500 surface area and pore 
size analyzer (77 K N2 and 195 K CO2). Both samples were degassed under vacuum overnight 
by using a SmartVacPrep instrument prior to the measurements. Temperature of 77 K for the 
N2 sorption experiments were maintained with a 4 L Dewar flask filled with liquid N2, whereas 
195 K CO2 experiments were recorded with a 4 L Dewar flask filled with a mixture of acetone 
and dry ice. 
Dynamic Vacuum Vapour Sorption 
Dynamic vapour sorption measurements were conducted using a Surface Measurement 
Systems DVS Vacuum at 298 K. Activated samples of sql-1,3-Co-NCS·3EtOH were further 
degassed under high vacuum (1x10-4 Torr) in situ and stepwise increase in relative pressure 
were controlled by equilibrated weight changes of the sample (dM/dT = 0.01%/min) from 0 to 
95%. Vacuum pressure transducers were used with ability to measure from 1x10-6 to 760 Torr 
with a resolution of 0.01%. Approximately 10 mg of sample was used for each experiment. 
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The mass of the sample was determined by comparison to an empty reference pan and recorded 
by a high resolution microbalance with a precision of 0.1 μg. 
C8 aromatics selectivity studies 
Vapour phase: About 30 mg samples of sql-1,3-Co-NCS were separately kept in six small 
vials which stand inside bigger capped/closed vials containing equimolar (5g each) binary of 
C8 aromatics (i.e. OX/MX, OX/PX, MX/PX, OX/EB, MX/EB and PX/EB) at 85 ºC for two 
days. PXRD patterns (Figure A13) and TGA curves (Figure A21) reveal that sql-1,3-Co-NCS 
completely adsorbed the C8 aromatics. After that, they were soaked in 5 mL CDCl3 for two 
days, enabling the corresponding C8 aromatics to be completely exchanged by CDCl3. 
Liquid phase: About 30 mg samples of sql-1,3-Co-NCS were separately immersed in 
equimolar (3g each) binary liquid of C8 aromatics at 85 ºC for two days. PXRD patterns 
(Figures A11 and A12) and TGA curves (Figures A19 and A20) reveal that sql-1,3-Co-NCS 
completely adsorbed the C8 aromatics. Then the saturated samples were filtered and air-dried 
(ca. 10 min) under ambient conditions (ca. 20 ºC) to remove xylenes adhering to the surface of 
samples. After that, the samples were soaked in 5 mL CDCl3 for two days. Apparently, color 
change from dark red to fresh red was observed. 
The supernatant of each samples were filtered and collected to measure 1H NMR spectra (JEOL 
ECX400 NMR spectrometer). The reliability of NMR has been verified in our recent paper.4 







where S is the selectivity of component i relative to component j, xi and xj are the mole fractions 
of components i and j in the adsorbed phase, and yi and yj are the mole fractions of components 







The ratio of xi/xj can be derived from the integrated area ratio of corresponding methyl groups 
or methylene group of C8 aromatics in NMR spectra. When component i and j are both xylene 








Where qi and qj are the relatively integrated area of corresponding methyl groups of xylene 









Where qi is the relatively integrated area of corresponding methyl groups (including 6 H) of 
xylene isomers,  
while qj is the relatively integrated area of corresponding methylene group (including 2 H) of 
ethylbenzene. 
A.7 Single Crystal X-ray Diffraction data of square lattice coordination nets 
Table A6. Crystallographic data of sql-1,3-Co-NCS∙2PX, sql-1,3-Co-NCS∙2MX and sql-1,3-
Co-NCS·3EtOH. 
 sql-1,3-Co-NCS∙2PX sql-1,3-Co-NCS∙2MX sql-1,3-Co-NCS·3EtOH 
Empirical formula C40H36CoN10S2 C40H36CoN10S2 C24H16CoN10S2 
Formula weight 779.84 779.84 567.52 
Temperature/K 301.0 298.32 300.15 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group C2/c C2/c P2/c 
a/Å 24.8225(12) 24.756(2) 10.1578(19) 




Table A7. Crystallographic data of single-linker sql-3-Co-NCS∙EB, sql-3-Co-NCS∙OX and 
sql-3-Co-NCS. 
 sql-3-Co-NCS∙2EB sql-3-Co-NCS∙2OX sql-3-Co-NCS 
Empirical formula C42H36CoN14S2 C84H72Co2N28S4  C26H16CoN14S2 
Formula weight 859.90 1719.79  647.58 
Temperature/K 150.15 150.01  300.13 
Crystal system Tetragonal triclinic  orthorhombic 
Space group P4122 P-1  Cmca 
a/Å 21.7573(4) 13.6994(5)  20.8810(11) 
b/Å 21.7573(4) 20.4799(7)  14.7201(9) 
c/Å 20.5483(5) 21.1055(7)  8.7578(5) 
α/° 90 78.892(2)  90 
β/° 90 73.265(2)  90 
γ/° 90 79.327(2)  90 
Volume/Å3 9727.2(4) 5511.1(3)  2691.9(3) 
Z 8 2  4 
ρcalc, g/cm
3 1.174 1.036  1.598 
μ/mm-1 3.912 3.452  6.852 
F(000) 3560.0 1780.0  1316.0 
c/Å 14.3010(7) 14.4235(13) 14.985(3) 
α/° 90 90 90 
β/° 100.423(3) 100.226(4) 106.365(17) 
γ/° 90 90 90 
Volume/Å3 4007.3(3) 4031.0(6) 1677.5(5) 
Z 4 4 4 
ρcalc, g/cm
3 1.293 1.285 1.124 
μ/mm-1 4.660 4.633 5.394 
F(000) 518.0 1704.0 578.0 
Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
Reflections collected 26213 16389 12368 
Independent reflections 3090 [Rint = 0.0963, Rsigma = 
0.0505] 
1947 [Rint = 0.0521, Rsigma = 
0.0381] 




3090/0/244 1947/0/244 1971/78/177 
Goodness-of-fit on F2 1.038 1.238 1.071 
Final R indexes 
[I>=2σ (I)] 
R1 = 0.0562, 
wR2 = 0.1319 
R1 = 0.0591, 
wR2 = 0.1294 
R1 = 0.1288, 
wR2 = 0.3202 
Final R indexes 
[all data] 
R1 = 0.0819, 
wR2 = 0.1459 
R1 = 0.0710, 
wR2 = 0.1326 
R1 = 0.2123, 
wR2 = 0.3534 
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Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 
Reflections collected 166061 13415 5637 
Independent 
reflections 
7433 [Rint = 0.1745, Rsigma = 
0.0644] 
13415 [Rint = 0.1743, Rsigma = 
0.1287] 




7433/601/707 13415/1101/1440 1045/0/104 
Goodness-of-fit on F2 1.066 1.039 1.069 
Final R indexes 
[I >=2σ (I)] 
R1 = 0.1192, 
wR2 = 0.2673 
R1 = 0.1356,  
wR2 = 0.3066  
R1 = 0.0519, 
wR2 = 0.1278 
Final R indexes 
[all data] 
R1 = 0.1583,  
wR2 = 0.2908 
R1 = 0.2223,  
wR2 = 0.3684  
R1 = 0.0788, 
wR2 = 0.1458 
 
A.8 Powder X-ray Diffraction 
 
 




Figure A6. PXRD patterns of sql-1,3-Co- NCS∙2MX. 
 
 




Figure A8. PXRD patterns collected during trial experiments to synthesize sql-1,3-Co-NCS, 
without using any aromatic solvent/template and and that of the obtained mixed phase of 
single-linker sql nets. 
 
 
Figure A9. PXRD patterns from trial experiments to synthesize sql-1,3-Co-NCS·2OX, and 




Figure A10. PXRD patterns from trial experiments to synthesize sql-1,3-Co-NCS·EB, and 
that of the obtained mixed phase of single-linker sql nets. 
 
 






Figure A12. PXRD patterns obtained on soaking of the activated samples in binary mixtures 
of xylenes and ethylbenzene. 
 
 










Figure A14. PXRD patterns of the activated samples of sql-1,3-Co-NCS·3EtOH, before and 
after vapour sorption. 
A.9 Crystallographic analysis of powder X-ray Diffraction data 
Table A8. Unit cell parameters determined from powder X-ray diffraction data 
Phase sql-1,3-Co-NCS∙nCO2 sql-1,3-Co-NCS∙2OX 
Temperature/K 195 298 
Crystal system Monoclinic Monoclinic 
Space group P2/c P2 
a/Å 10.439(3) 25.00(8) 
b/Å 11.5752(9) 11.53(11) 
c/Å 14.824(4) 14.05(3) 
α/° 90 90 
β/° 105.897(9) 100.3(3) 
γ/° 90 90 
Volume/Å3 1722.74(18) 3986(6) 
wR2 1.04 % 2.37 % 






Determination of unit cell parameters of sql-1,3-Co-NCS·nCO2. 
The unit cell parameters of sql-1,3-Co-NCS·nCO2 were determined from the powder X-ray 
diffraction pattern collected at 195 K in CO2 atmosphere (P = 90 kPa). Positions of the first 14 
peaks were used as the input data for indexing purpose, using DICVOL11 implemented in 
DASH.12 Pawley profile fit of the whole powder X-ray diffraction pattern was performed using 
GSASII13 (Figure A15). The refined unit cell parameters are: a = 10.439(3) Å, b = 11.5752(9) 
Å, c = 14.824(4) Å, β = 105.897(9) °, V = 1722.74(18) Å3, wR = 1.04 %, RF2 = 5.30%. 
 
Figure A15. Pawley profile fit for the PXRD pattern of sql-1,3-Co-NCS·nCO2. *Corresponding 
region (from 24.3 to 24.7 ° 2) is excluded from the refinement because of the peak belonging 
to dry ice (e.g. COD (Crystallography Open Database) entry #1010489). 
Determination of unit cell parameters of sql-1,3-Co-NCS·2OX 
Unit cell parameters of sql-1,3-Co-NCS·2PX were used as initial guess for Pawley profile fit 




Figure A16. Pawley profile fit of the PXRD pattern of sql-1,3-Co-NCS·2OX. 
 
A.10 Thermogravimetric Analysis profile 
 
















Figure A20. TGA profiles for the solvent soaking experiments, after soaking the activated samples 
in binary (1:1) mixtures of xylenes and ethylbenzene. 
 
 





A.11 Gas Sorption Isotherms 
 
 





Figure A23. CO2 isotherms at 195 K for the activated sql-1,3-Co-NCS·3EtOH, recorded 
over two consecutive cycles. 
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A.12 Water vapour sorption Isotherm 
 
 
Figure A24. Water vapour sorption isotherm at 300 K for the activated sample of 
sql-1,3-Co-NCS·3EtOH. 
 
A.13 Supplementary figures of the square lattice coordination nets 
 
 
Figure A25. Crystal structure of sql-1,3-Co-NCS·3EtOH depicting: left: layer packing 
arrangement; right: host-host interactions exhibiting C-H∙∙∙S hydrogen bonds between layers 1 






Figure A26. Crystal structure of sql-1,3-Co-NCS·3EtOH depicting the square grids 
and layer packing. 
 
Figure A27. Crystal structure of sql-1,3-Co-NCS·2PX depicting left: layer packing 
arrangement; right: host-guest interactions showing C-H∙∙∙π interactions. 
 
 





Figure A29. Crystal structure of sql-1,3-Co-NCS·2MX depicting left: layer packing 


















A.14 Supplementary figures for magnified 1H NMR spectrums 
 
Figure A31. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 aromatics 
obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar binary vapour of 
OX/MX until saturated. 
 
Figure A32. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 
aromatics obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar 




Figure A33. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 aromatics 
obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar binary vapour of 
PX/MX until saturated. 
 
Figure A34. Magnified 1H NMR spectrum recorded using the CDCl3 extract C8 
aromatics from sql-1,3-Co-NCS that was prior subjected to the equimolar binary 




Figure A35. Magnified 1H NMR spectrum recorded using the CDCl3 extract C8 aromatics from 
sql-1,3-Co-NCS that was prior subjected to the equimolar binary vapour of MX/EB until 
saturated. 
 
Figure A36. Magnified 1H NMR spectrum recorded using the CDCl3 extract C8 
aromatics from sql-1,3-Co-NCS that was prior subjected to the equimolar binary 




Figure A37. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 
aromatics obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar 
binary liquid of OX/MX until saturated. 
 
 
Figure A38. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 aromatics 
obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar binary liquid of 




Figure A39. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 aromatics 
obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar binary liquid of 
MX/PX until saturated. 
 
Figure A40. Magnified 1H NMR spectrum recorded using the CDCl3 extract C8 aromatics from 





Figure A41. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 
aromatics obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar 
binary liquid of MX/EB until saturated. 
 
Figure A42. Magnified 1H NMR spectrum recorded using the CDCl3 extract of C8 
aromatics obtained from sql-1,3-Co-NCS that was prior subjected to the equimolar 






Table A9. The uptake capacity and PX/EB, MX/EB and OX/EB selectivity for various 
adsorbents.4 
Adsorbents 
Uptake (wt%)    Selectivity 
Ref./Note 
OX MX PX EB PX/EB MX/EB OX/EB 
sql-1,3-Co-NCS 37 37 37 18.7 9.8 10.8 7.9 Current work 
sql-1-Co-NCS 87 87 87 43.5 7.3 3.8 60.1 4 
BaX nanosize 4.9 2.02 10.34 3.15 3.745 NG. NG. 15 
KaX nanosize 4.2 1.8 10.1 3.2 3.22 NG. NG. 16 
[Ni(NCS)2(ppp)4] 29 27 38 NG. NG. NG. NG. 17 
[Ce(HTCPB)] NG. 12.7 11.7 NG. 2.4 NG. NG. 18 
JUC-77 0.9 2.3 33 NG. NG. NG. NG. 19 
MCF-50 NG. NG. NG. NG. NG. NG. NG. 20 
Zn-MOF 0 0.11 0.42 NG. NG. NG. NG. 21 
ZIF-8 1.6 3.2 15.9 NG. NG. NG. NG. 22 
UiO-66 42.4 42.4 42.4 NG. NG. NG. NG. 23 
MIL-47 (V) 35 28 37 16 9.7 4.2 10.9 24 
MIL-47 (V) 36 36 39 33 1.83 1.41 1.39 25 
MIL-53(Al) 42 37.3 36.1 27.7 NG. NG. 6.5 26 
MIL-53(Al) 47.7 47.7 48.8 26.5 NG. NG. 8.2 
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MIL-53(Cr) 42.4 27.6 42.4 25.4 NG. NG. 4.9 
MIL-53(Ga) 37.1 32.9 39.2 23.3 NG. NG. 4.7 
MIL-53(Fe) 35 42.4 33.9 26.5 NG. NG. NG. 
MIL-53(Al) 46 26 43 17 3.1 3.8 10.9 28 
MIL-53(Fe) 39 26 26 NG. NG. NG. NG. 29 
MIL-140B 12.7 12.7 12.7 12.7 2.1 NG. NG. 
30 
MOF-48 27.6 27.6 27.6 27.6 1.5 NG. NG. 
MOF-5 13 14.5 13 10 4.14 2.34 1.96 
31 
MOF-monoclinic 4.2 4.2 12.5 4.2 5.17 NG. NG. 
Zn(BDC)(Dabco)0.5 25 27 23 27 1/1.15 1.15 1.62 32 
MIL-101 (Cr) 123 123 133 NG. NG. 1/1.1 1.4 33, 34 
CAU-13 17 15 14 NG. NG. NG. NG. 35 
MAF-X8 1.6 11.1 22.3 0 NG. NG. NG. 36 
DynaMOF-100 0.53 2.12 31.8 3.82 NG. NG. NG. 37 
MIL-125(Ti)-NH2 10 11 14.5 NG. 1.6 NG. NG. 38 
HKUST-1 29.7 25.4 29.7 NG. NG. NG. NG. 
39 
CPO-27-Ni 20.1 22.3 21.2 NG. NG. NG. NG. 
EtP5 0.2 1.1 8.9 NG. NG. NG. NG. 40 
 EtP6 9.4 9.1 9.9 NG. NG. NG. NG. 
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Li/ZSM-5 4.3 2.5 11 5.5 3.977 NG. NG. 
Na/ZSM-5 3 2.5 9 5.5 2.008 NG. NG. 
K/ZSM-5 2 1.2 8.3 7.5 1.101 NG. NG. 
NaY microcrystalline 4 10 5 2 NG. 5.93 NG. 
42 
NaY nanocrystalline 4.2 11 4.5 1.1 NG. 6.88 NG. 
Co2(dobdc) 38.2 36 35 35 1/3.21 1/2.05 1.21 
43 
Co2(m-dobdc) 36 35.5 33.2 35.5 NG. NG. NG. 
Note: NG. means data not given; only the highest selectivity values were selected for the 
comparison. 
 
A.15 Summary of structural parameters for sql nets 
Table A10. Structural parameters for each sql net. 







sql-1,3-Co-NCS·3EtOH (300 K) 90/ 90 168.8 36.7 4.700 
sql-1,3-Co-NCS·2PX (301 K) 88.8/ 91.2 160.4 56.8 5.667 
sql-1,3-Co-NCS·2MX (298 K) 90.6/ 89.4 157.1 54.8 5.707 
a
The square grid angles refer to adjacent ∠Co-Co-Co angles. 
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Appendix B: Supplementary Data for Chapter Three 
B.1 Materials and methods 
Starting materials, reagents, and solvents were purchased from commercial sources and used 
without further purification. 
Powder X-ray diffraction (PXRD). Diffractograms were recorded using a PANalytical 
Empyrean™ diffractometer equipped with a PIXcel3D detector operating in scanning line 
detector mode with an active length of 4 utilizing 255 channels. The diffractometer is outfitted 
with an Empyrean Cu LFF (long fine-focus) HR (9430 033 7310x) tube operated at 40 kV and 
40 mA and CuKα radiation (λα = 1.540598 Å) was used for diffraction experiments. Continuous 
scanning mode with the goniometer in the theta-theta orientation was used to collect the data. 
Incident beam optics included the Fixed Divergences slit with anti-scatter slit PreFIX module, 
with a 1/8° divergence slit and a 1/4° anti-scatter slit, as well as a 10 mm fixed incident beam 
mask and a Soller slit (0.04 rad). Divergent beam optics included a P7.5 anti-scatter slit, a 
Soller slit (0.04 rad), and a Ni-β filter. In a typical experiment, 25 mg of sample was dried, 
ground into a fine powder and was loaded on a zero background silicon disks. The data was 
collected from 5°−40° (2θ) with a step-size of 0.0131303° and a scan time of 30 seconds per 
step. Crude data were analyzed using the X’Pert HighScore Plus™ software V 4.1 
(PANalytical, The Netherlands). 
Thermogravimetric analysis (TGA). Thermograms were recorded under nitrogen using TGA 
instrument TA Q50 V20.13 Build 39. Platinum pans and a flow rate of 60 cm3 min-1 for the 
nitrogen gas were used for the experiments. The data was collected in the High Resolution 
Dynamic mode with a sensitivity of 1.0, a resolution of 4.0, and a temperature ramp of 20 °C 
200 
 
min-1 up to 550 °C. The data was evaluated using the T.A. Universal Analysis suite for 
Windows XP/Vista Version 4.5A. 
Gas sorption measurements. For gas sorption experiments, ultrahigh-purity gases were used 
as received from BOC Gases Ireland: research-grade He (99.999%), CO2 (99.995%), C2H2 
(98.5%), and N2 (99.998%). Adsorption experiments (up to 1 bar) for 77 K N2 and 195 K CO2 
were performed on Micromeritics Tristar II 3030. Micromeritics 3Flex surface area and pore 
size analyzer 3500 was used for collecting the 273 and 298 K sorption isotherms for C2H2, and 
CO2. Before sorption measurements, activation of sql-16-Cu-NO3- was achieved by 
degassing the air-dried samples on a SmartVacPrep™ using dynamic vacuum and heating for 
8 h (each sample heated from RT to 353 K with a ramp rate of 5 °C). Brunauer-Emmett-Teller 
(BET) surface areas were determined from the CO2 and N2 adsorption isotherms at 195 K and 
77 K respectively, using the Micromeritics Microactive software. About 100 mg of activated 
samples were used for the measurements. A Julabo temperature controller was used to maintain 
a constant temperature in the bath throughout the experiment. The bath temperatures of 273 
and 298 K were precisely controlled with a Julabo ME (v.2) recirculating control system 
containing a mixture of ethylene glycol and water. The low temperature at 77 K and 195 K 
were controlled by a 4 L Dewar filled with liquid N2 and dry ice/acetone, respectively. At every 
interval of two independent isotherms recorded for any sorbent, samples were regenerated by 
degassing over 5 h under high vacuum at 353 K, before commencing the next sorption 
experiment. 
In situ coincident PXRD. In situ coincident PXRD measurements were conducted on a Rigaku 
Smartlab with CuKα radiation (Rigaku, Japan) which is synchronized to a BELSORP-18PLUS 
volumetric adsorption instrument (MicrotracBEL Japan, Corp.). Helium based cryosystem was 
connected to the sorption equipment to control the temperature range. The sample (~ 100 mg) 
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was placed on a copper plate holder and activated under vacuum at 80 °C for 12 h. The 
activated sample was placed in sorption equipment and prior to gas sorption, the sample was 
reactivated in situ at 80 °C for 2 h in order to remove any moisture adsorbed. C2H2 adsorption 
was recorded at the measurement temperatures (298 K and 195 K) under controlled flow of 
gas. In situ PXRD patterns were measured simultaneously at each equilibrium point of the 
adsorption and desorption isotherm. 
Accelerated stability protocol. In a typical experiment, as followed by the pharmaceutical 
industries,1 microcrystalline samples of sql-16-Cu-NO3- were exposed to 313 K and 75 % 
RH for 1, 7 and 14 days (d) in a desiccator (corresponding to 4 d, 1 month and 2 months 
shelf-life, respectively). These conditions were achieved by using a supersaturated aqueous 
solution of NaCl maintained at 313 K in a closed desiccator. After 1, 7 and 14 d, sample aliquots 
were removed from desiccator and characterized by PXRD measurements in order to detect 
signs the sample which may have been affected by humidity.  
Breakthrough experiments. In typical breakthrough experiments, ~ 0.5 g of pre-activated sql-
16-Cu-NO3- were placed in quartz tubing (8 mm diameter; 8 mm x 6 mm x 400 mm) to form 
fixed beds. First, the adsorbent bed was purged under a 30 cm3 min-1 flow of He gas at 333 K 
for 30 min prior to breakthrough experiment. Upon cooling to room temperature, the gas flow 
was switched to the desired C2H2/CO2 gas mixture compositions (2:1 and 1:1 respectively), 
maintained at a total flow rate of 1.0 cm3 min-1. Herein, 2:1, and 1:1 C2H2/CO2 binary 
breakthrough experiments were conducted at 298 K for sql-16-Cu-NO3-. The outlet 
composition was continuously monitored by a Shimadzu Nexis GC-2030 gas chromatograph 
until complete breakthrough was achieved. Note: To maintain a total flow rate of 10 cm3min-1 
(detectable at the GC), the effluent C2H2/CO2 mixtures from the DCB outlet were balanced 
with supplementary He flow. 
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Fourier transform-infrared (FT-IR) spectroscopy experiments. FT-IR spectra were 
obtained on a PerkinElmer Spectrum 100 Attenuated total reflectance (ATR)-FT-IR 
Spectrometer with a resolution setting of 2 and 4 scans per sample. Data was plotted as percent 
transmittance in Y-axis and analysed using the Spectrum V 6.3 software package. 
B.2 Supplementary Text 
Single Crystal X-ray diffraction. 
Single crystal X-ray diffraction data were collected on a Bruker Quest diffractometer equipped 
with a IμS microfocus X-ray source (Cu Kα, λ = 1.54178 Å; Mo Kα, (λ = 0.71073 Å) and 
CMOS detector. APEX3 was used for collecting, indexing, integrating and scaling the data.2 
An open-flow nitrogen attachment (Oxford Cryosystems) was used for low temperature 
measurements. Absorption corrections were performed by multi-scan method.3 Space groups 
were determined using XPREP4 as implemented in APEX3. All the scaled data were solved 
using intrinsic phasing method (XT)5 and refined on F2 using SHELXL6 inbuilt in OLEX2 v1.2 
(2009) program.7 All non-hydrogen atoms present in the frameworks were refined 
anisotropically.  Hydrogen atoms were located at idealized positions from the molecular 
geometry and refined isotropically with thermal parameters based on the equivalent 
displacement parameters of their carriers. Crystallographic data for both the sql coordination 
networks reported in this paper are summarized in Table B3. Both crystal structures have been 
deposited to the Cambridge Crystallographic Data Centre (CCDC 2033388, 2033389). 
Adsorption energy calculations. 
All Qst plots and associated parameters for reported compounds are obtained from data 
extraction using WebPlotDigitizer.8  
A virial-type expression of the below form was used to fit the combined 273 and 298 K 
isotherm data of C2H2, and CO2 for sql-16-Cu-NO3-, where P is the pressure described in 
203 
 
Pa, N is the adsorbed amount in mmol g-1, T is the temperature in K, ai and bi are virial 
coefficients, and m and n are the number of coefficients used to describe the isotherms. Qst is 
the coverage-dependent enthalpy of adsorption and R is the universal gas constant. All fitting 
was performed using Origin Pro 2016.9  Fitting parameters thus obtained for sql-16-Cu-NO3-  
can be found in Figures B18 and B19.  
ln 𝑃 = ln 𝑁 +  ∑ 𝑎𝑖𝑁𝑖
𝑚
𝑖=0







Qst was calculated from the virial model using the equation below.   




Adsorption selectivity Calculations. 
The selectivities for the adsorbate mixture composition of interest were calculated from the 
single-component adsorption isotherms using Ideal Adsorbed Solution Theory (IAST), using a 
modified version of the program pyIAST.10 First, the single-component isotherms for the gas 










In this equation, qi is the amount adsorbed per unit mass of material (in cm
3 g-1), P is the total 
pressure (in torr) of the bulk gas at equilibrium with the adsorbed phase, 𝑞1 and 𝑞2 are the 
saturation uptakes (in cm3 g-1) for sites 1 and 2 respectively, 𝑘1 and 𝑘2 are the affinity 
coefficients (in torr–1) for sites 1 and 2 respectively, and n1
-1 and n2
-1 represent the deviations 
from the ideal homogeneous surface (unit-less) for sites 1 and 2 respectively. Final selectivity 













Here, 𝑥𝑖 and 𝑥𝑗 are the mole fractions of components i and j, respectively, in the adsorbed 
phase, and 𝑦𝑖 and 𝑦𝑗 are the mole fractions of components i and j, respectively, in the gas phase. 
Dual-site Langmuir-Freundlich equation fitting parameters thus obtained for 
sql-16-Cu-NO3- can be found in Table B4.  
Separation factor / Separation selectivity calculations. 
The amount of adsorbed gas i (qi) is calculated from the breakthrough curve as follows: 
𝑞𝑖 =






Here, 𝑉𝑖 is the influent flow rate of gas (cm
3 min-1), 𝑉𝑒 is the effluent flow rate of gas (cm
3 min-
1), Vdead is the dead volume of the system (cm
3), 𝑇0 is the adsorption time (min) and m is the 
mass of the sorbent (g).12  





𝑉𝑇 is the total flow rate of gas (cm
3 min-1), 𝑃𝑖  is the partial pressure of gas i (bar) and ∆𝑇  is the 
time for initial breakthrough of gas i to occur (min).13 The separation factor, also known as 
separation selectivity (AC) for the breakthrough experiment i.e. breakthrough derived 





yi is the partial pressure of gas i in the gas mixture. In the case where one gas component has 
negligible adsorption, the amount of gas adsorbed is treated as ≤ 1 cm3 for calculations. 
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For C2H2/CO2 DCB experiments, the C2H2 concentration is defined by: 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(C2H2) =
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)  +  𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
  
CO2 purity is defined by: 
𝑃𝑢𝑟𝑖𝑡𝑦(CO2) =
𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)  +  𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
 





 −  𝑢𝑒(𝑡)𝑦𝑒(𝑡)𝐴𝑑𝑡
𝑉𝑚
=  

















Where 𝑛(C2H2) is the C2H2 uptake in mmol g
-1, t2 is the C2H2 saturation time, ue(t) is the 
transient linear velocity in outlet gas, ye(t) is the transient C2H2 volume fraction in the outlet 
gas, ui is the transient linear velocity in inlet gas, F is the inlet gas volume flow rate, 𝑦𝐶2𝐻2 is 






𝑑𝑡 is the integrated area between the 
C2H2 breakthrough curve and the X-axis within the range 0 and t2, C(t) is the detected C2H2 
concentration in the outlet gas, C0 is the detected C2H2 concentration in the outlet gas and Vm 
is molar volume of the gas. 
Synthesis of compounds. 
2,5-dimethyl-1,4-phenylene)dipyridine (bipy-xylene) synthesis. 
The linker ligand 2,5-dimethyl-1,4-phenylene)dipyridine (hereafter, abbreviated as 16) was 
synthesized following the reported procedure.14  
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sql-16-Cu-NO3- ([Cu(bpy-xylene)(NO3)2]n, synthesis 
A 1:1 solution of isopropyl alcohol and distilled water (2 mL) was carefully layered over a 
solution of Cu(NO3)2.6H2O (0.012 mmol, 3 mg) in 2 mL of distilled water. Over this, a solution 
of linker ligand 16 (0.03 mmol, 7.8 mg) in 2 mL of isopropyl alcohol was layered. Block shaped 
dark blue single crystals were obtained after a week in quantitative yield. The crystals were 
collected by filtration and washed with isopropyl alcohol three times.  
sql-16-Cu-NO3- ([Cu(bpy-xylene)(NO3)(H2O)]n∙NO3∙H2O,  
A single crystal of sql-16-Cu-NO3- was obtained via single crystal to single crystal 
transformation technique by exposing the crystal of sql-16-Cu-NO3- to air for a week.  
Modeling studies. 
The adsorption isotherms of C2H2 and CO2 were simulated within a 1x1x2 supercell of 
sql-16-Cu-NO3-  at 298 K at different pressures ranging from 0.5 to 120 kPa using classical 
Monte Carlo methods. The framework atoms are kept fixed at their crystal positions and the 
adsorbates are preoptimized using the UFF force field.15 To describe the van der Waals and 
electrostatic interactions, all atoms were given Lennard-Jones 12-6 parameters (ε and σ), and 
point partial charges, respectively. In this work, the partial charges of the framework and 
adsorbates were assigned based on the UFF force field,15 and the structures and systems were 
kept electronically neutral. Besides, the Ewald summation method was employed. 
The mixed component isotherms were simulated at a C2H2:CO2 ratio of 1 (see Figure 
B23a), for which the binding energy distributions at three different pressures are also displayed 
(see Figures B23b-d), clearly showing the preferential binding of C2H2 over CO2.   
Local adsorption minima were also optimized for one adsorbate per 1  1  2 supercell 
of sql-16-Cu-NO3-. For C2H2 three different stable binding sites are identified with 
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adsorption energies of -35.5, -35.5 and -36.3 kJmol-1, respectively (Figures 3.5a; Figures B25a 
and B25b). For CO2 two stable binding sites are identified, with adsorption energies of -29.0 
and -29.3 kJmol-1, represented in Figure 3.5b and Figure B25c, respectively. 
Channel diameter calculations and supplementary structural images  
Pore limiting diameters in both phases of sql-16-Cu-NO3 were calculated using Olex2.7  
Effective channel diameters were calculated using the “calcvoid” routine in Olex2. Van der 
Waals radii were used as obtained from the CCDC.2, 16 The calculation was done to a surface 
resolution of 0.1 Å in the vectorised mode. 
 
Figure B1. Channel surfaces generated for a) sql-16-Cu-NO3- and b) sql-16-Cu-NO3-, 
viewed along the c-direction. 
 
 





Figure B3. Layer packing arrangements in sql-16-Cu-NO3- 
 
B.3 Powder X-ray diffraction. 
 





Figure B5. Pawley profile fit of the PXRD patterns of  phase. Space group = C 2/c, a = 
23.25(3) Å, b = 18.638(6) Å, c = 9.174(7) Å, α = 90°, β = 109.02(4)°, γ = 90°, V = 3759(13) 
Å3, Rwp = 14.93 %. 
 
 




Figure B7. Pawley profile fit of the PXRD pattern of mixture of  and  phases.  phase: 
Space group = C 2/c, a = 22.94(8) Å, b = 18.681(9) Å, c = 9.27(17) Å, α = 90°, β = 109.04(9)°, 
γ = 90°, Volume = 3757(3) Å3.  phase: Space group = P 21/c, a = 21.53(2) Å, b = 21.12(14) 
Å, c = 8.558(3) Å, α = 90°, β = 94.81(5)°, γ = 90°, Volume = 3877(17) Å3. Rwp = 9.56 %. 
 
 
Figure B8. Variable temperature PXRD patterns for the mixed phase of 





Figure B9. PXRD patterns for sql-16-Cu-NO3- and sql-16-Cu-NO3-' (obtained by heating 


















Determination of unit cell parameters of sql-16-Cu-NO3-' 
The unit cell parameters of sql-16-Cu-NO3- were determined from the powder X-ray 
diffraction pattern collected at 298 K under vacuum. Positions of the first 13 peaks were used 
for indexing using DICVOL17  implemented in DASH.18 Pawley profile fit of powder X-ray 
diffraction pattern was performed using GSASII (Figure B10).19 
 
Figure B10. Pawley profile fit of the PXRD patterns of ' phase at 298K collected after 
activation of sql-16-Cu-NO3 at 353 K under vacuum. Space group = P 2, a = 28.007(12) Å, b 






















Figure B11. Thermogravimetric analysis profile of the as-synthesized sql-16-Cu-NO3. 
 











B.6 Gas sorption isotherms 
 
Figure B13. CO2 isotherms for sql-16-Cu-NO3- and sql-16-Cu-NO3- and N2 isotherm for 
sql-16-Cu-NO3-, recorded at 195 K and 77 K, respectively. BET Surface area measured from 
CO2, 195 K isotherms are 163 m
2g-1 and 179 m2g-1 for sql-16-Cu-NO3- and 
sql-16-Cu-NO3-, respectively. sql-16-Cu-NO3- was directly measured without further 
activation to retain the  phase and sql-16-Cu-NO3- was activated at 353 K under vacuum to 
obtain sql-16-Cu-NO3-.  
B.7 PXRD patterns before and after gas sorption 
 









B.8 Pore size distribution 
 
 
Figure B16. Pore size distribution of sql-16-Cu-NO3- determined from Horvath–Kawazoe 
method applied on CO2 isotherm at 195 K. 
 
 
Figure B17. Unit cell parameters obtained in a batch Pawley profile fit of C2H2 sorption in situ 
PXRD data at 298 K for sql-16-Cu-NO3-'. 
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B.9 Qst calculation - Virial fitting 
 
 




Figure B19. Fitting of C2H2 isotherms for sql-16-Cu-NO3- to the virial equation. 
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B.10 Qst comparison 
 
Figure B20. Comparison of ΔQst(C2H2/CO2) at low coverage, considering leading C2H2/CO2 




Figure B21. Comparison of Qst(C2H2) profiles of C2H2/CO2 separating MOM physisorbents. 
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B.11 IAST(SAC) calculation 
 
Figure B22. Selectivity for C2H2 and CO2, SAC (1:1 gas mixtures) to 1 bar and 298 K, as 
calculated by IAST for sql-16-Cu-NO3-. 
B.12 Sorption kinetics 
 
 
Figure B23. C2H2 and CO2 adsorption kinetics plot for sql-16-Cu-NO3-. 
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B.13 Dynamic gas breakthrough separation experimental setup 
 
Figure B24. Schematic of gas mixing unit, gravimetric gas uptake analyser and gas separation 
analyser for conducting binary C2H2/CO2 DCB experiments. 
 
 
B.14 Plausible Binding sites 
 
Figure B25. a) Other plausible binding sites of C2H2 in sql-16-Cu-NO3- from molecular 
modelling view along the interdigitated NO3
‒ ions. Plausible binding sites in 
sql-16-Cu-NO3- from molecular modelling viewed along the middle of the pore for: b) C2H2, 





B.15 Mixed component isotherms 
 
 
Figure B26. a) Mixed component isotherms at equal gas phase fugacity (fCO2/C2H2 = 1)and 
corresponding binding energy distribution at total fugacity of b) 1 kPa, c) 41 kPa and d) 114 
kPa, respectively, obtained from molecular simulations, where P(E) is the probability to have 
a specific adsorption energy at a specific pressure. 
B.16 Accelerated stability tests 
 
 
Figure B27. Comparison of experimental and calculated PXRD patterns with those of the three 





Figure B28. Water vapour sorption isotherms for sql-16-Cu-NO3- at 298 K and 303 K. 
  
 
Figure B29. Comparison of experimental and calculated PXRD patterns with before and after 




B.17 Supporting information tables 
 
Table B1. Reported N-donor based linker ligands used to construct sql coordination networks 
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0 
*Obtained from a recent review, Crystal engineering of porous coordination networks to enable 
separation of C2 hydrocarbons. Chem Commun. 2020;56:10419-10441. **Recent reports  
 
Table B2. Reported bipyridine based linker ligands used to construct sql coordination networks 
that exhibit switching behaviour. 
Linker 
ligand 
sql networks Gas/vapour for switching isotherms Year Ref 
 
[Co(NCS)2(3‐pia)2]n Acetone at 293 K 2002 20 
 
{[Co(NCS)2(4-peia)2]·4Me2CO}n Acetone at 298 K 2004 21 
 
[Cu(bpy)2(BF4)2]n (ELM-11)  CO2 at 273 K 2006 22 
[Co(bpy)2(OTf)2]n (ELM -12)  N2 at 77 K 2007 23 
[Co(bpy)2(OTf)2]n (ELM-22) CO2 at 273 K and N2 at 77 K 
2009 24 
[Ni(bpy)2(OTf)2]n (ELM-31) 
[Cu(PF6)2(4,4′-bpy)2]n N2, O2, Ar at 77 K, and CO2 at 195 K 2013 25 
[Co(bipy)2(NCS)2]n (sql-1-Co-NCS) CO2 at 195 K 2018 26 
C8 aromatics at 298 K 2019 27 
**[Cu(bpy)2(CF3BF3)2]n (ELM-13) N2 at 77 K, O2 at 90 K, Ar at 87 K, 





[CuII(bped)2(H2O)2(SiF6)]n MeOH, and EtOH at 298 K 2011 29 
 
[Cu(CF3SO3)2(bpp)2]n CO2 at 195 K 2013 30 
[Cu(bpp)2(BF4)2]n CO2 at 273 K 2017 31 
 
* [Zn(dps)2(SiF6)]n (UTSA-300) CO2 at 195 K and C2H2 at 298 K 2017 
32 





CO2 at 195 K and C8 aromatics at 298 K 2020 34 
*Obtained from a recent review, Crystal engineering of porous coordination networks to enable 
separation of C2 hydrocarbons. Chem Commun. 2020;56:10419-10441. **Recent reports  
Table B3. Crystallographic data of sql-16-Cu-NO3- and sql-16-Cu-NO3-. 
 
sql-16-Cu-NO3- sql-16-Cu-NO3- 
Empirical formula C36H34CuN6O7  C72H68Cu2N12O14  
Formula weight 726.23  1452.46  
Temperature/K 298.82  150.0  
Crystal system monoclinic  monoclinic  
Space group C2/c  P21/c  
a/Å 23.3926(7)  21.4452(11)  
b/Å 18.6268(7)  20.7940(11)  
c/Å 9.1551(3)  8.3320(5)  
α/° 90  90  
β/° 109.583(2)  93.498(3)  
γ/° 90  90  
Volume/Å3 3758.4(2)  3708.6(4)  
Z 4  2  
ρcalc, g/cm3 1.283  1.301  
μ/mm-1 1.266  1.283  
F(000) 1508.0  1508.0  
Radiation CuK (λ = 1.54178 Å) CuK (λ = 1.54178 Å) 
Reflections collected 50100 34981 
Independent reflections 2369 [Rint = 0.0427, Rsigma = 0.0127] 4526 [Rint = 0.0819, Rsigma = 0.0469] 
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Table B4. DSLF fitting parameters summary for C2H2 and CO2 sorption in sql-16-Cu-NO3-. 




C2H2 1.153 0.444 0.577 1.118 27.582 1.245 0.9999
99 
CO2 0.259 6.278 0.971 0.771 1.872 1.074 0.9999
97 
 



























SAC[b] αAC (1:1) Ref 
sql-16-Cu-NO3-
 



























Data/restraints/parameters 2369/14/253 4526/48/456 
Goodness-of-fit on F2 1.069 1.072 
Final R indexes 
 
[I>=2σ (I)] 
R1 = 0.0454, wR2 = 0.1170  
R1 = 0.0904, wR2 = 0.2491 
Final R indexes 
 
[all data] 
R1 = 0.0505, wR2 = 0.1218  
























































247 49.5/33.8 − 
2.7[n]/2.2[
n] 






























































































571 42.5/31.9 − 1.9/0.07 26[d] − 57, 58 
[a] Unless otherwise mentioned, all values correspond to 298 K measurements; [b] unless otherwise mentioned, all values are calculated 
from IAST selectivities for 1:1 equimolar mixtures; [c] title compound is a metal-organic complex with 1D channels; [d] uptake ratio at 
0.01 bar for 270 K measurements; [e] IAST selectivity at 0.15 bar for 1:1 ratio; [f] IAST selectivity at 0.15 bar for 2:1 ratio; [g] for gas 
mixture 10:5:85 C2H2/CO2/He; [h] at low loading; [i] consistent for loadings > 0.22 mmol g
-1; [j] uptake at 0.01 bar; [k] uptake ratio at 0.5 
bar; [l] IAST selectivity at 1 bar for 1:1 ratio; [m] at uptake 2 mmol g-1; [n] recorded at 293 K. [o] determined from Horvath–Kawazoe 
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Appendix C: Supplementary Data for Chapter Four 
 
C.1 Materials and methods 
Starting materials, reagents and solvents were purchased from commercial sources 
(Sigma-Aldrich, TCI Europe N.V., AK Scientific Inc. USA) and used without further 
purification. 
Powder X-ray Diffraction (PXRD). Diffractograms were recorded using a PANalytical 
Empyrean™ diffractometer equipped with a PIXcel3D detector operating in scanning line 
detector mode with an active length of 4 utilizing 255 channels. The diffractometer is outfitted 
with an Empyrean Cu LFF (long fine-focus) HR (9430 033 7310x) tube operated at 40 kV and 
40 mA and CuKα radiation (λα = 1.540598 Å) was used for diffraction experiments. Continuous 
scanning mode with the goniometer in the theta-theta orientation was used to collect the data. 
Incident beam optics included the Fixed Divergences slit with anti-scatter slit PreFIX module, 
with a 1/8° divergence slit and a 1/4° anti-scatter slit, as well as a 10 mm fixed incident beam 
mask and a Soller slit (0.04 rad). Divergent beam optics included a P7.5 anti-scatter slit, a 
Soller slit (0.04 rad) and a Ni-β filter. In a typical experiment, 25 mg of sample was dried, 
ground into a fine powder and was loaded on a zero background silicon disks. The data was 
collected from 5°−40° (2θ) with a step-size of 0.0131303° and a scan time of 30 seconds per 
step. Crude data were analyzed using the X’Pert HighScore Plus™ software V 4.1 
(PANalytical, The Netherlands). 
Variable Temperature Powder X-ray Diffraction (VT-PXRD). Diffractograms at different 
temperature were recorded using a PANalytical X’Pert Pro-MPD diffractometer equipped with 
a PIXcel3D detector operating in scanning line detector mode with an active length of 4 
utilizing 255 channels. Anton Paar TTK 450 stage coupled with the Anton Paar TCU 110 
Temperature Control Unit was used to record the variable temperature diffractograms. The 
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diffractometer is outfitted with an Empyrean Cu LFF (long fine-focus) HR (9430 033 7300x) 
tube operated at 40 kV and 40 mA and CuKα radiation (λα = 1.54056 Å) was used for 
diffraction experiments. Continuous scanning mode with the goniometer in the theta-theta 
orientation was used to collect the data. Incident beam optics included the Fixed Divergences 
slit, with a 1/4° divergence slit and a Soller slit (0.04 rad). Divergent beam optics included a 
P7.5 anti-scatter slit, a Soller slit (0.04 rad), and a Ni-β filter. In a typical experiment, 20 mg 
of sample was dried, ground into a fine powder and was loaded on a zero background sample 
holder made for Anton Paar TTK 450 chamber. The data was collected from 5°−45° (2θ) with 
a step-size of 0.0167113° and a scan time of 50 seconds per step. Crude data were analyzed 
using the X’Pert HighScore Plus™ software V 4.1 (PANalytical, The Netherlands).  
Thermogravimetric Analysis (TGA). Thermograms were recorded under nitrogen using 
TGA instrument TA Q50 V20.13 Build 39. Platinum pans and a flow rate of 60 cm3 min-1 for 
the nitrogen gas were used for the experiments. The data was collected in the High Resolution 
Dynamic mode with a sensitivity of 1.0, a resolution of 4.0 and a temperature ramp of 20 °C 
min-1 up to 550 °C. The data was evaluated using the T.A. Universal Analysis suite for 
Windows XP/Vista Version 4.5A. 
Gas Sorption Measurements. For gas sorption experiments, ultrahigh-purity gases were used 
as received from BOC Gases Ireland: research-grade He (99.999%), CO2 (99.995%), C2H2 
(98.5%) and N2 (99.998%). Adsorption experiments (up to 1 bar) for 77 K N2 and 195 K CO2 
were performed on Micromeritics Tristar II 3030. Micromeritics 3Flex surface area and pore 
size analyzer 3500 was used for collecting the 273 and 298 K sorption isotherms for C2H2 and 
CO2. Before sorption measurements, activation of all six different HUMs was achieved by 
degassing the air-dried samples on a SmartVacPrep™ using dynamic vacuum and heating for 
8 h (each sample heated from RT to 333 K with a ramp rate of 5 °C). Brunauer-Emmett-Teller 
(BET) surface areas were determined from the CO2 and N2 adsorption isotherms at 195 K and 
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77 K respectively, using the Micromeritics Microactive software. About 100 mg of activated 
samples were used for the measurements. A Julabo temperature controller was used to maintain 
a constant temperature in the bath throughout the experiment. The bath temperatures of 273 
and 298 K were precisely controlled with a Julabo ME (v.2) recirculating control system 
containing a mixture of ethylene glycol and water. The low temperature at 77 K and 195 K 
were controlled by a 4 L Dewar filled with liquid N2 and dry ice/acetone, respectively. At every 
interval of two independent isotherms recorded for any sorbent, samples were regenerated by 
degassing over 5 h under high vacuum at 333 K, before commencing the next sorption 
experiment. 
Accelerated Stability Protocol. In a typical experiment, as followed by the pharmaceutical 
industries,1 microcrystalline samples of each of the HUMs was exposed to 313 K and 75 % RH 
for 1, 7 and 14 days (d) in a desiccator (corresponding to 4 d, 1 month and 2 months shelf-life, 
respectively). These conditions were achieved by using a supersaturated aqueous solution of 
NaCl maintained at 313 K in a closed desiccator. After 1, 7 and 14 d, sample aliquots were 
removed from desiccator and characterized by PXRD measurements in order to detect signs 
the sample which may have been affected by humidity.  
Single-gas sorption cycling test. Gravimetric uptakes were recorded under pure C2H2 gas, 
using TGA instrument TA Q50 V20.13 Build 39. Platinum pans and gas flow rates of 10 
cm3/min were used in these experiments. Desorption at 60 °C was performed under N2 flow of 
20 cm3/min. The data was collected in the High Resolution Dynamic mode with a sensitivity 
of 1.0, a resolution of 4.0 and the weight changes during C2H2 gas adsorption step were 
monitored under isothermal condition at 60 °C. The data was evaluated using the T.A. 
Universal Analysis suite for Windows XP/Vista Version 4.5A. The flowrates of all these 
sorbates were monitored by pre-calibrated Bronkhorst Mass Flow Controllers. 
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Breakthrough Experiments. In typical breakthrough experiments, ~ 0.5 g of pre-activated 
HUMs were placed in quartz tubing (8 mm diameter; 8 mm x 6 mm x 400 mm) to form fixed 
beds. First, the adsorbent bed was purged under a 30 cm3 min-1 flow of He gas at 333 K for 30 
min prior to breakthrough experiment. Upon cooling to room temperature, the gas flow was 
switched to the desired C2H2/CO2 gas mixture compositions (2:1 and 1:1 respectively), 
maintained at a total flow rate of 1.0 cm3 min-1. Herein, 2:1 and 1:1 C2H2/CO2 binary 
breakthrough experiments were conducted at 298 K for all six HUMs. The outlet composition 
was continuously monitored by a Shimadzu Nexis GC-2030 gas chromatograph until complete 
breakthrough was achieved. For temperature programmed desorption (TPD), 
post-breakthrough saturated sorbent beds were heated at a constant rate to 60 °C under He flow, 
20 cm3 min-1. The desorbed gases were monitored continuously. Note: To maintain a total flow 
rate of 10 cm3min-1 (detectable at the GC), the effluent C2H2/CO2 mixtures from the DCB outlet 
were balanced with supplementary He flow. 
C.2 Supplementary text 
Single Crystal X-ray Diffraction. Single crystal X-ray diffraction data of all the crystals were 
collected on a Bruker Quest diffractometer equipped with a IμS microfocus X-ray source (Cu 
Kα, λ = 1.54178 Å; Mo Kα, (λ = 0.71073 Å) and CMOS detector. APEX3 was used for 
collecting, indexing, integrating and scaling the data.2 Open-flow nitrogen attachment with 
Oxford Cryosystem was used for low temperature measurements. Absorption correction was 
performed by multi-scan method.3 Space groups were determined using XPREP4 as 
implemented in APEX3. All the scaled data were solved using intrinsic phasing method (XT)5 
and refined on F2 using SHELXL6 inbuilt in OLEX2 v1.2 (2009) program.7 All non-hydrogen 
atoms present in the frameworks were refined anisotropically.  Hydrogen atoms were located 
at idealized positions from the molecular geometry and refined isotropically with thermal 
parameters based on the equivalent displacement parameters of their carriers. The reported 
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structures were refined from twin crystals. Each of the crystals of SIFSIX-21-Ni, TIFSIX-4-
Ni, SIFSIX-21-Cu and TIFSIX-4-Cu was revealed as a two domain non-merohedral twin. 
Appropriate PART instructions were used to model framework disorder in these structures. 
Where needed, especially for disordered sections of the frameworks and guest molecules, 
constraints (AFIX) and restraints (SIMU, DELU, ISOR) were used to ensure proper geometry 
of the molecules and to allow anisotropic refinement of non-hydrogen atoms. Crystallographic 
data for all the HUMs reported in this paper, are summarised in Table C2. Crystal structures 
are deposited to the Cambridge Crystallographic Data Centre (CCDC 2052024-2052025; 
2052046-2052047). 
Adsorption Energy Calculations. Except the six HUMs studied herein, other Qst plots and 
associated parameters were obtained from data extraction using WebPlotDigitizer.8  
A virial-type expression of the below form was used to fit the combined 273 and 298 K 
isotherm data of C2H2 and CO2 for all six HUMs, where P is the pressure described in Pa, N is 
the adsorbed amount in mmol g-1, T is the temperature in K, ai and bi are virial coefficients and 
m and n are the number of coefficients used to describe the isotherms. Qst is the 
coverage-dependent enthalpy of adsorption and R is the universal gas constant. All fitting was 
performed using Origin Pro 8.9  Fitting parameters thus obtained for the six HUMs can be 
found in Figures C33–C44.  
ln 𝑃 = ln 𝑁 +  ∑ 𝑎𝑖𝑁𝑖
𝑚
𝑖=0







Qst was calculated from the virial model using the equation below.   






Adsorption Selectivity Calculations. The selectivities for the adsorbate mixture composition 
of interest were calculated from the single-component adsorption isotherms using Ideal 
Adsorbed Solution Theory (IAST), using a modified version of the program pyIAST.10 First, 
the single-component isotherms for the gas sorbates at 298 K were fitted to the dual-site 










In this equation, qi is the amount adsorbed per unit mass of material (in mmol g
-1), P is the total 
pressure (in bar) of the bulk gas at equilibrium with the adsorbed phase, 𝑞1 and 𝑞2 are the 
saturation uptakes (in mmol g-1) for sites 1 and 2 respectively, 𝑘1 and 𝑘2 are the affinity 
coefficients (in bar–1) for sites 1 and 2 respectively and n1
-1 and n2
-1 represent the deviations 
from the ideal homogeneous surface (unit-less) for sites 1 and 2 respectively. Final selectivity 











Here, 𝑥𝑖 and 𝑥𝑗 are the mole fractions of components i and j, respectively, in the adsorbed phase 
and 𝑦𝑖 and 𝑦𝑗 are the mole fractions of components i and j, respectively, in the gas phase. 
Dual-site Langmuir-Freundlich equation fitting parameters thus obtained for all the adsorbents 
can be found in Table C3. 
Separation factor / Separation selectivity Calculations. The amount of adsorbed gas i (qi) is 
calculated from the breakthrough curve as follows: 
𝑞𝑖 =








Here, 𝑉𝑖 is the influent flow rate of gas (cm
3 min-1), 𝑉𝑒 is the effluent flow rate of gas (cm
3 min-
1), Vdead is the dead volume of the system (cm
3), 𝑇0 is the adsorption time (min) and m is the 
mass of the sorbent (g).12 





Here, 𝑉𝑇 is the total flow rate of gas (cm
3 min-1), 𝑃𝑖  is the partial pressure of gas i (bar), ∆𝑇  is 
the time for initial breakthrough of gas i to occur (min) and m is the mass of the sorbent (g). 
The separation factor, also known as separation selectivity () for the breakthrough experiment 





yi is the partial pressure of gas i in the gas mixture. In the case where one gas component has 
negligible adsorption, the amount of gas adsorbed is treated as ≤ 1 cm3 for calculations. 
For C2H2/CO2 DCB experiments, the C2H2 concentration is defined by: 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(C2H2) =
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)  +  𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
  
CO2 purity is defined by: 
𝑃𝑢𝑟𝑖𝑡𝑦(CO2) =
𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
𝑠𝑖𝑔𝑛𝑎𝑙(C2H2)  +  𝑠𝑖𝑔𝑛𝑎𝑙(CO2)
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Where 𝑛(C2H2) is the C2H2 uptake in mmol g
-1, t2 is the C2H2 saturation time, ue(t) is the 
transient linear velocity in outlet gas, ye(t) is the transient C2H2 volume fraction in the outlet 
gas, ui is the transient linear velocity in inlet gas, F is the inlet gas volume flow rate, 𝑦𝐶2𝐻2 is 






𝑑𝑡 is the integrated area between the 
C2H2 breakthrough curve and the X-axis within the range 0 and t2, C(t) is the detected C2H2 
concentration in the outlet gas, C0 is the detected C2H2 concentration in the outlet gas and Vm 
is molar volume of the gas. 
In situ Variable Pressure PXRD. Crystals of each material were activated in a glass oven at 
40 °C under vacuum (pressure: ~1 x 10-2 millibar) for approximately 4 h. The activated solid 
was ground into a fine powder using a pestle and mortar and packed into an environmental gas 
cell (EGC). The EGC consists of a 0.5 mm glass Lindemann Capillary attached to a steel nut 
with epoxy, which is then screwed into a valve body. The EGC allows for 
pressurisation/evacuation of the immediate sample environment while the valve allows for this 
environment to be isolated and transported to the diffractometer. To determine a diffractogram 
under vacuum an EGC was attached to a manifold, that in turn was connected to a vacuum 
pump (pressure: ~7 x 10-3 millibar) and left to equilibrate for approximately 4 h. For the 
variable pressure studies an EGC was attached to a C2H2 cylinder via a regulator. The system 
was pressurised and left to equilibrate under static pressure for approximately 4–6 h. After the 
valve to the EGC was closed, it could be transported to the diffractometer. A PANalytical 
XPERT-PRO diffractometer was used to record experimental diffractograms. The 
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diffractometer utilises Bragg-Brentano geometry and Cu Kα radiation (λ = 1.5418 Å) as the 
incident beam. Intensity data were recorded using a capillary spinner to which the EGC was 
attached. The samples were scanned between 4° and 45° 2θ with a varying scan speed and step 
size, which was dependent on the nature of the sample. 
In situ Infrared (IR) Spectroscopy. In situ IR measurements were performed on a Nicolet 
6700 FTIR spectrometer using a liquid N2-cooled mercury cadmium telluride (MCT-A) 
detector. A vacuum cell is placed in the sample compartment of the infrared spectrometer with 
the sample at the focal point of the beam. The samples (~5 mg) were gently pressed onto KBr 
pellet and placed into a cell that is connected to a vacuum line for evacuation. The samples of 
NbOFFIVE-3-Cu and SIFSIX-21-Ni were activated by evacuation overnight at 60 ºC, 
respectively, and then cooled back to room temperature for CO2 and C2H2 gas exposure 
measurement. Note that the IR absorption of the gas phase is prohibitively high at this pressure, 
making the observation of adsorbed molecules impossible. We pumped out the gas phase and 
recorded spectra as a function of time in the desorption process. Within 5 seconds of 
evacuation, the pressure of gas-phase drops below 500 mTorr (negligible gas-phase IR 
absorption).  
DFT calculation of vibrational bands of pypz linker: The DFT calculations and IR 
vibrational modes presented here were obtained using the Jaguar electronic structure 
program.13, 14 Geometry relaxation included perturbation of all rotatable proper and improper 
torsions, except those in rings and double bonds, to ensure convergence at the minimum energy 
structure. Subsequent single point vibrational frequencies calculation was carried out to obtain 
the IR spectrum shown in Figure C62. All structure derivatives were computed using the 
B3LYP-D3 hybrid functional15 and 6-31G** basis set.16 The chemical structure images were 
drawn with Maestro.17  
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Solid-state (SS) NMR Spectroscopy. 100 mg of the NbOFFIVE-3-Cu sample was ground 
into a fine powder, packed into an L-shaped glass tube, and then connected to a Schlenk line 
where it was left evacuating at room temperature for 24 h. The samples were then loaded with 
the guest gases (13CO2: 0.4 eq. per metal; C2D2: 0.4 and 0.8 eq. per metal) and sealed off from 
the Schlenk line. The guest-loaded samples were then left at room temperature for 24 h before 
the NMR experiments to allow for the equilibration. 
All SSNMR experiments were carried out using a Varian Infinity Plus NMR spectrometer, 
equipped with an Oxford 9.4 T wide-bore magnet and a 5 mm HX static Varian/Chemagnetics 
probe. Static 13C NMR spectra [υ0(
13C) = 100.5 MHz] were referenced to TMS using the high-
frequency signal of ethanol at 58.05 ppm as a secondary reference.18 Experiments were 
performed using the DEPTH-echo pulse sequence to remove the background from the probe,19 
with a 90° pulse width of 3.2 µs and a 180° pulse width of 6.4 µs. The spectral width was 300 
kHz and the optimized recycle delay was 3 s. The number of scans required for static VT 13C 
ranges from 700 to 1000 scans. Static 2H NMR spectra [υ0(
13C) = 61.3 MHz] were referenced 
using the signal of D2O(l) at 4.80 ppm as a secondary reference.
18 A quadrupolar echo pulse 
sequence of the form (π/2− τ1− π/2− τ2) was used with a 90° pulse width of 4.0 µs, a τ1 of 30.0 
µs and a τ2 of 30.0 µs. The spectral width was 500 kHz and the optimized 
2H recycle delay was 
0.5 s. The number of scans required for static 2H VT SSNMR experiments ranges between 
3000 and 3200 scans. The WSolids software package20 was used to simulate all static SSNMR 
spectra in order to extract the NMR parameters of gas molecules from observed spectra. The 
EXPRESS software21 was used to simulate the effects of guest motion. 
Synthesis of compounds. 
3,5-dimethyl-1H-pyrazol-4-yl)pyridine (pypz) synthesis. 
3,5-dimethyl-1H-pyrazol-4-yl)pyridine was synthesized following reported procedure.22 
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Preparation of SIFSIX-21-Ni single crystals. Single crystals of the compound SIFSIX-21-
Ni were obtained by solvothermal reaction as following: a suspension of pypz (0.1 mmol, 17 
mg) and NiSiF6.6H2O (0.05 mmol, 15 mg) in MeOH (3 mL) were reacted at 85 °C in a small 
10.5 mL glass vial for overnight, keeping in a fixed-temperature oven. The crystals were 
collected in ca. 75 % yield by filtration and washed with MeOH three times. 
Preparation of TIFSIX-4-Ni single crystals. MeOH (2 mL) was carefully layered over a 
solution of NiTiF6.6H2O (0.05 mmol, 16 mg) 2 mL of MeOH to which pypz (0.1 mmol, 17 
mg) in 2 mL of MeOH was layered. Light pink single crystals were obtained after several days 
with ca. 60 % yield. The crystals were harvested by filtration and washed with MeOH three 
times. 
Preparation of SIFSIX-21-Cu single crystals. 
Single crystals of the compound SIFSIX-21-Cu. An ethylene glycol solution (2 ml) of 
Cu(NO3)2 (8.4 mg, 0.035 mmol) and (NH4)2SiF6 (6.2 mg, 0.035 mmol) was prepared and 
carefully transferred to a test tube of 10 cm length and 1 cm diameter. A buffer solution of 
ethylene-glycol:methanol (1:1/v:v) was prepared and 6 ml of this was carefully layered above 
the first solution, creating a defined layer between the two. A methanol solution (2 ml) of ligand 
pypz (12 mg, 0.07 mmol) was layered on top of the buffer solution creating a third layer. The 
test-tube was sealed and left to stand. After two weeks, small blue/violet coloured crystals 
formed on the inside of the test-tube.  
Preparation of TIFSIX-4-Cu single crystals. 
Single crystals of the compound TIFSIX-4-Cu. Crystals were made following the same 
method as that used for TIFSIX-4-Cu, however (NH4)2TiF6 (6.7 mg, 0.035 mmol) was used 
in place of (NH4)2SiF6. 
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Preparation of NbOFFIVE-3-Ni crystalline powder. Crystalline powder of 
NbOFFIVE-3-Ni can be prepared by solvothermal reaction as following: a suspension of pypz 
(1 mmol, 170 mg) and NiNbOF5.6H2O (0.5 mmol, 185 mg) in MeOH (15 mL) were reacted at 
85 °C in a 100 ml Schott Duran® bottle for overnight, keeping in a fixed-temperature oven. 
The powder was collected in ca. 70% yield by filtration and washed with MeOH three times. 
Preparation of NbOFFIVE-3-Cu crystalline powder. Crystalline powder of 
NbOFFIVE-3-Cu can be prepared from the similar procedure of NbOFFIVE-3-Ni, using 
CuNbOF5.6H2O (0.5 mmol, 187 mg) instead of NiNbOF5.6H2O. 
Preparation of SIFSIX-21-Cu crystalline powder. Crystalline powder of SIFSIX-21-Cu can 
be prepared from the similar procedure of NbOFFIVE-3-Ni, using CuSiF6.6H2O (0.5 mmol, 
157 mg) instead of NiNbOF5.6H2O. 
Preparation of TIFSIX-4-Cu crystalline powder. Crystalline powder of TIFSIX-4-Cu can 
be prepared from the similar procedure of NbOFFIVE-3-Ni, using CuTiF6.6H2O (0.5 mmol, 
167 mg) instead of NiNbOF5.6H2O. 
Preparation of TIFSIX-4-Ni crystalline powder. Crystalline powder of TIFSIX-4-Ni can be 
prepared from the similar procedure of NbOFFIVE-3-Ni, using NiTiF6.6H2O (0.5 mmol, 164 
mg) instead of NiNbOF5.6H2O. 
Scale up for SIFSIX-21-Ni. SIFSIX-21-Ni can be scaled up from the similar procedure of 
NbOFFIVE-3-Ni, using NiSiF6.6H2O (0.5 mmol, 154 mg) instead of NiNbOF5.6H2O. 
Modelling Studies. 
The binding sites for C2H2 and CO2 in SIFSIX-21-Ni were determined through classical 
molecular simulations. All parametrizations and simulations were performed on the single X-
ray crystallographic structure published herein for the material.  
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All atoms of SIFSIX-21-Ni were treated with Lennard-Jones (LJ) parameters (ε and σ), 
point partial charges and point polarizabilities in order to model repulsion/dispersion, 
stationary electrostatic and many-body polarization interactions, respectively. The LJ 
parameters for all C and H atoms were taken from the Optimized Potentials For Liquid 
Simulations – All Atom (OPLS-AA) force field,23 while those for the N, F, Si and Ni atoms 
were taken from the Universal Force Field (UFF).24 The partial charges for the chemically 
distinct atoms in SIFSIX-21-Ni were determined through the Restrained Electrostatic Potential 
(RESP) method25 using the CP2K program.26 The exponential damping-type polarizability 
values for all C, H, N and F atoms were taken from a carefully parametrized set provided by 
the work of van Duijnen and Swart.27 The polarizability parameter for Si4+ and Ni2+ was 
calculated in previous work28, 29 and used herein. After the hydrogen nuclei were optimized, a 
Restrained Electrostatic Surface Potential (RESP) charge fit was performed to obtain partial 
charges on each atom for use in empirical simulation. Universal force Field (UFF)24 radii were 
used during the sphere sampling protocol.  
Simulated annealing (SA) calculations30 were performed for a single molecule of both 
adsorbates through a canonical Monte Carlo (NVT) process in a 2 × 2 × 2 supercell of 
SIFSIX-21-Ni. This was done in order to identify the most favorable binding site for both 
adsorbates in the material. All HUM atoms were kept fixed at their crystallographic positions 
throughout the simulations. A spherical cut-off distance of 14.6342 Å, representing half the 
shortest supercell dimension length, was used for the simulations. C2H2 and CO2 were modeled 
using polarizable potentials of the respective adsorbates that were developed previously.31, 32 
The total potential energy of the HUM–adsorbate system was calculated through the sum of 
the repulsion/dispersion, stationary electrostatic and many-body polarization energies. These 
were calculated using the LJ potential,33 the Ewald summation technique,34, 35 and a Thole-
Applequist type model,36-39 respectively. SA calculations for both adsorbates utilized an initial 
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temperature of 500 K and this temperature was scaled by a factor of 0.99999 after every 1.0 × 
103 Monte Carlo steps. The simulations continued until the temperature of the system dropped 
below 10 K.  
Next, canonical Monte Carlo (CMC) simulations were performed for a single molecule 
of C2H2 and CO2, individually, positioned at their global minimum in SIFSIX-21-Ni. This was 
done in order to evaluate the averaged classical potential energy for both adsorbates about their 
energy minimum position in the material. As with the SA calculations, the simulations were 
carried out within the rigid 2 × 2 × 2 supercell of the HUM using the same force fields. The 
CMC simulations were performed at a temperature of 298 K and a pressure of 0.10 atm. These 
simulations ran for a total of 1.0 × 106 Monte Carlo steps to ensure reasonable ensemble 
averages for the total potential energy of the system. The averaged classical potential energies 
for C2H2 and CO2 localized about their energy minimum position in SIFSIX-21-Ni are 
presented in Table C4. All SA calculations and CMC simulations were carried out using the 
Massively Parallel Monte Carlo (MPMC) code.40, 41 
Modelling details of C2H2 and CO2 sites which corresponds to the Figure C53. 
To study the C2H2 and CO2 binding sites in SIFSIX-21-Ni systematically, periodic DFT 
calculations are performed with the Vienna Ab Initio Simulation Package (VASP 5.4.4).42, 43 
To describe the interactions between the HUM and adsorbates accurately, we opted for the 
BEEF-vdW functional.44 This functional is parametrized with training data based on the 
CCSD(T) method, it is therefore also an excellent choice to account for van der Waals 
interactions as well as hydrogen bonds especially valuable for the comparison of CO2 and C2H2 
adsorption enthalpies. The one-electron Kohn-Sham orbitals were expanded in a plane wave 
basis set with a kinetic energy cut-off of 550 eV for all calculations. PAW potentials are 
employed to describe the interaction between the valence electrons and the core.45 The HUM 
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is first structurally cell-optimized (Γ-point) until the largest force is smaller than 0.02 eV/Å. 
Afterwards, the atomic positions of the HUM-lattice are fixed and the adsorbates are optimized 
until the largest force is smaller than 0.01 eV/Å. Furthermore, a Gaussian smearing of 0.05 eV 
is applied to improve convergence,42 while the convergence criterion for the electric self-
consistent field (SCF) problem is set to 10-5 eV for all optimizations. For the energy 
calculations on the converged structures, the reciprocal space integration over the Brillouin 
zone is approximated with finite sampling using Monkhorst-Pack grids 46, 47 using a 3x3x3 k-
point grid. For the optimized binding site of C2H2 (Figure S53a), there were no imaginary 
modes observed, while for the optimized binding sites of CO2, there are 1 or 2 imaginary modes 
for the geometries given in Figures S53b and S53c, respectively. For the calculation of the 
enthalpies, these imaginary modes are replaced by an arbitrary mode of 100 cm-1. To verify the 
local minima, a relevant partial Hessian vibrational analysis (PHVA) is employed, keeping all 
atoms from the framework fixed except the adsorbate. The PHVA is used also to obtain zero-
point corrections and enthalpy contributions.48, 49 The numerical partial Hessian is calculated 
by displacements in x, y and z-directions of ±0.004 Å and the vibrational modes are extracted 













C.3 Powder X-ray Diffraction 
 




Figure C2. PXRD profiles of SIFSIX-21-Cu, TIFSIX-4-Cu, and NbOFFIVE-3-Cu, 





Figure C3. Pawley profile fit of the PXRD patterns of NbOFFIVE-3-Ni. Space group = Pnna, 
a = 14.804(8) Å, b = 15.50(15) Å, c = 14.10(12) Å, α = 90°, β = 90°, γ = 90°, V = 3236(3) Å3, 
Rwp = 16.9 %. 
 
 
Figure C4. Pawley profile fit of the PXRD patterns of NbOFFIVE-3-Cu. Space group = 
Pnna, a = 14.894(3) Å, b = 15.705(3) Å, c = 14.272(3) Å, α = 90°, β = 90°, γ = 90°, V = 








































C.4 Thermogravimetric Analysis (TGA) 
 
 
Figure C13. Thermogravimetric analysis profiles of the as-synthesised SIFSIX-21-Ni, 
TIFSIX-4-Ni and NbOFFIVE-3-Ni. 
 
 
Figure C14. Thermogravimetric analysis profiles of the as-synthesised SIFSIX-21-Cu, 




C.5 Gas Sorption Isotherms 
 
Figure C15. Low temperature CO2 and N2 sorption isotherms for SIFSIX-21-Ni (filled shape: 
adsorption; hollow shape: desorption) with BET surface areas 871 m2g-1 and 776 m2g-1 
determined from N2 and CO2 isotherms respectively. 
 




Figure C17. Low temperature CO2 and N2 sorption isotherms for TIFSIX-4-Ni (filled shape: 
adsorption; hollow shape: desorption) with BET surface areas 931 m2g-1 and 700 m2g-1 
determined from N2 and CO2 isotherms respectively. Last adsorption data point is an outcome 
of condensation in inter-particle voids (similar to other physisorbents, such as ZIF-8, 
microporous silica material, and carbon nitride).51-54 
 




Figure C19. Low temperature CO2 and N2 sorption isotherms for NbOFFIVE-3-Ni (filled 
shape: adsorption; hollow shape: desorption) with BET surface areas 761 m2g-1 and 599 m2g-1 
determined from N2 and CO2 isotherms respectively. Last adsorption data point is an outcome 
of condensation in inter-particle voids (similar to other physisorbents, such as ZIF-8, 
microporous silica material, and carbon nitride).51-54 
 





Figure C21. Low temperature CO2 and N2 sorption isotherms for SIFSIX-21-Cu (filled shape: 
adsorption; hollow shape: desorption) with BET surface areas 839 m2g-1 and 695 m2g-1 
determined from N2 and CO2 isotherms respectively. 
 
 




Figure C23. Low temperature CO2 and N2 sorption isotherms for TIFSIX-4-Cu (filled shape: 
adsorption; hollow shape: desorption) with BET surface areas 747 m2g-1 and 568 m2g-1 
determined from N2 and CO2 isotherms respectively. 
 
 





Figure C25. Low temperature CO2 and N2 sorption isotherms for NbOFFIVE-3-Cu (filled 
shape: adsorption; hollow shape: desorption) with BET surface areas 805 m2g-1 and 722 m2g-1 
determined from N2 and CO2 isotherms respectively. Last adsorption data point is an outcome 
of condensation in inter-particle voids (similar to other physisorbents, such as ZIF-8, 
microporous silica material, and carbon nitride).51-54 
 
C.6 Qst Plots 
 
 





Figure C27. Isosteric enthalpies of adsorption for C2H2 and CO2 for SIFSIX-21-Ni. 
 




Figure C29. Isosteric enthalpies of adsorption for C2H2 and CO2 for NbOFFIVE-3-Ni. 
 





Figure C31. Isosteric enthalpies of adsorption for C2H2 and CO2 for TIFSIX-4-Cu. 
 
Figure C32. Isosteric enthalpies of adsorption for C2H2 and CO2 for NbOFFIVE-3-Cu. 
 




Figure C33. Fitting of the CO2 isotherm data for SIFSIX-21-Ni to the virial equation. 
 




Figure C35. Fitting of the CO2 isotherm data for TIFSIX-4-Ni to the virial equation. 
 
 





Figure C37. Fitting of the CO2 isotherm data for NbOFFIVE-3-Ni to the virial equation. 
 





Figure C39. Fitting of the CO2 isotherm data for SIFSIX-21-Cu to the virial equation. 
 
 




Figure C41. Fitting of the CO2 isotherm data for TIFSIX-4-Cu to the virial equation. 
 
 




Figure C43. Fitting of the CO2 isotherm data for NbOFFIVE-3-Cu to the virial equation. 
 
 
Figure C44. Fitting of the C2H2 isotherm data for NbOFFIVE-3-Cu to the virial equation. 
 




Figure C45. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 
as calculated by IAST for SIFSIX-21-Ni. 
 
 
Figure C46. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 





Figure C47. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 
as calculated by IAST for NbOFFIVE-3-Ni. 
 
 
Figure C48. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 




Figure C49. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 
as calculated by IAST for TIFSIX-4-Cu. 
 
Figure C50. Selectivity for C2H2 and CO2, SAC (1:1 and 2:1 gas mixtures) to 1 bar and 298 K, 




C.9 Mixed isotherms 
 
 
Figure C51. IAST calculations for C2H2 and CO2 uptake capacities for equimolar(1:1) and 2:1 
C2H2/CO2 mixtures (X-axis refers to the total gas phase pressure in bar and Y-axis refers to 
fractional loading of the gases) at 298 K, for (a, b) NbOFFIVE-3-Ni, (c, d) TIFSIX-4-Ni and 






Figure C52. IAST calculations for C2H2 and CO2 uptake capacities for equimolar (v/v = 1:1) 
and 2:1 (v/v) C2H2/CO2 mixtures (X-axis refers to the total gas phase pressure in bar and Y-
axis refers to fractional loading of the gases) at 298 K, for (a, b) NbOFFIVE-3-Cu, (c, d) 









C.10 Binding sites 
 
 
Figure C53. Plausible binding sites for SIFSIX-21-Ni, for C2H2 (a) and (b, c) CO2.  
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Figure C54. C2H2 kinetic plots for a) SIFSIX-21-Ni, b) TIFSIX-4-Ni and c) 




Figure C55. C2H2 kinetic plots for a) SIFSIX-21-Cu, b) TIFSIX-4-Cu and c) 






C.12 Dynamic gas breakthrough separation experimental setup 
 
 
Figure C56. Schematic of gas mixing unit, gravimetric gas uptake analyser and gas separation 
analyser for breakthrough experiments. 
 




Figure C57. Temperature programmed desorption experiments conducted on a) 
SIFSIX-21-Ni; b) NbOFFIVE-3-Cu packed beds. Desorption temperature was set at 60 °C 
(set along the blue profile) and the He flow was maintained at 20 cm3 min-1. 
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C.14 Qst(C2H2) comparison 
 
 
Figure C58. Comparison of isosteric heat of adsorption profiles for C2H2, considering all the 
C2H2/CO2 separating MOM physisorbents. 
 
 
Figure C59. Comparison of ΔQst(C2H2/CO2) at low loading, considering all the C2H2/CO2 




C.15 In situ Infrared (IR) spectra 
 
Figure C60. Difference IR spectra showing the adsorbed CO2 (orange) and C2H2 (pink) upon 
loading at 1 bar adsorbate pressure into SIFSIX-21-Ni and subsequent evacuation of the gas 
phase within 3 seconds, respectively. Each is referenced to the spectrum of activated HUMs. 
Inset shows the νas(CO2) band.  
 
 
Figure C61. IR spectra of activated NbOFFIVE-3-Cu (top) and SIFSIX-21-Ni (bottom), 










Figure C63. Evolution of the as(C2H2) bands at 3308 (triangle) and 3209 cm-1 (circle) in 




C.16 Solid-state NMR spectra 
 
Figure C64. Experimental 13C static NMR spectra of 13CO2 adsorbed in NbOFFIVE-3-Cu as 




Figure C65. a) Modelled structure of NbOFFIVE-3-Cu showing the distances between the 
C+ of CO2 and the nearby Cu(II) centres. b) Modelled structure of NbOFFIVE-3-Cu showing 
the distances between the H atoms in C2H2 and the nearby Cu(II) centres. Note: the structure 





Figure C66. a) Experimental 2H static spectra of 0.4 C2D2 per Cu adsorbed in NbOFFIVE-3-
Cu as a function of temperature (blue line) and simulated 2H spectrum of static C2D2. b) 
Experimental (blue) and simulated static 2H spectra showing two different sites. c) Simulated 
2H spectra of C2D2 at site 1. Dynamical model for simulation: rotation of the C2D2 about a C3 
axis. d) Simulated 2H spectra of C2D2 at site 2. Dynamical model for simulation: rotation of the 
C2D2 about a C3 axis followed by a two-site hopping motion. e) Illustration of the dynamical 
models of C2D2 within NbOFFIVE-3-Cu. Note: the structure of SIFSIX-21-Ni is used instead 





Figure C67. Comparison of experimental 2H static NMR spectra of NbOFFIVE-3-Cu loaded 
with 0.4 and 0.8 C2D2 per Cu at room temperature. 
 
 
C.17 Accelerated Stability Tests 
 
 
Figure C68. Comparison of experimental and calculated PXRD patterns with those of the three 
distinct humidity exposed phases: 1, 7 and 14 days a: SIFSIX-21-Ni, b: TIFSIX-4-Ni, c: 




Figure C69. PXRD patterns of calculated (black), as-synthesised samples (red), the samples 









C.18 Supplementary figures for the previously unreported HUMs 
 
Figure C71. (a) View of the C2H2 binding pocket in adsorbent TIFSIX-4-Ni along the 
diagonally opposite F atoms of TiF6
2- pillars; (b) View of the ultramicropore along the 
crystallographic b-axis of TIFSIX-4-Ni. 
 
Figure C72. (a) View of the C2H2 binding pocket in adsorbent SIFSIX-21-Cu along the 
diagonally opposite F atoms of SiF6
2- pillars; (b) View of the ultramicropore along the 





Figure C73. (a) View of the C2H2 binding pocket in adsorbent TIFSIX-4-Cu along the 
diagonally opposite F atoms of TiF6
2- pillars; (b) View of the ultramicropore along the 




C.18 Tables C1-C4 


























4.0  6.0 571 42.5/31.9 − 1.9/0.07 26[d] − 55, 56 
Zn-MOF-74 11.0  
11.0 
1360 22.1/26.8 − 5.5/5.4 4[e] − 57, 58 
ZJU-60a 4.4  5.4 1627 17.6/15.2 − 6.7/3.3 6.7[e] − 59 
MIL−100(Fe) 5.5  8.6 2300 65.0/30.0 − 5.3/2.5 12.5[e] − 60 
PCP-33 9.0  
22.0 
1248 27.5/26.3 − 5.4/2.6 5.6[e] − 61 
FJU-22a 7.1  7.1 828 23.0/19.0 22.9/19.4 5.1/5.0 7.1[e] 1.9/− 12 
UTSA-74a 8.0  8.0 830 31.0/25.0 31.4/25.5 4.8/3.2 14.3[e] 20.1/− 58 
TIFSX-2-Cu-i 5.1  5.1 685 46.0/36.0 41.9/34.6 4.1/4.3 10.0[e]/10.7[f] −/50[g] 62 
UTSA-300a 2.4  3.3 311 57.6[h],30.0[i]/− − 3.3/0.2 743 − 63 
DICRO-4-Ni-i 6.2  6.6 398 37.7/33.9 35.4/34.6 1.9/1.0 18.2[e]/13.9[j] −/13[g] 31 
NKMOF-1-Ni 5.8  5.8 382 60.3/40.9 46.0/36.4 2.7/2.3 ~60[e],[f] 2.6/1.8 64 
JCM-1 12.5  
3.9 
550 36.9/33.4 − 3.3/1.7 13[e] 4.4/− 65 
ZJU-196 5.1  5.1 − 39.2[h],15[i]/− − 3.7/0.4 25[k] − 66 
[Ni3(HCOO)6] 4.3  4.3 289 40.9/24.5 − 2.4/1.6 22
[l] − 67 
FJU-90a 5.4  5.1 1572 25.1/20.7 − 8.0/4.6 4.3[l] − 68 
JNU-1 16.3  
6.6 
818 13.0, 47.6[m]/− − 2.7/2.2 3[e] − 69 
MUF-17 4.7  4.8 247 49.5/33.8 − 2.7[n]/2.2[n] 6[e] − 70 
ZJUT-2a 3.2  3.2 350 41.5/35.5 − 3.4/2.2 10[l] − 71 
FJU-89a 12  8 774 31.0/27.8 24.9/23.5 4.5/2.7 4.3 3 72 
HOF-3 7.0  7.0 165 20.0 − 2.1/0.9 14.0 2.0 73 




1306 29.0/26.0 − 4.9/2.6 5.3-3.1 2.3 74 
SNNU-45 4.5  5.1 1006 39.9/27.1 31/26.9 6.0/4.3 8.5-4.5 2.9 75 
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JXNU-5 4.6, 6.7 406 32.9/25.2 30.2/26.8 2.5/1.5 5 9.9 76 




409 32.9/31.1 − 2.3/1.6 2.8 2.1 77 




383 27.0/24.5 27.0/24.9 4.3/2.7 24 1.7 78 
TCuI 3.66 × 
3.66 
250 38.4/26.6 37.3/29.6 2.2/1.6 6.7[e]/6.5[f] 33.4/7.8 79 
TCuBr 3.59 × 
3.59 
173 36.6/30.2 38.2/32.7 2.8/2.0 9.1[e]/9.1[f] 104.5/10.5 79 
TCuCl 3.69 × 
3.69 
167 41.0/30.1 39.5/31.4 3.0/2.0 16.0[e]/16.1[f] 143.1/25.4 79 
FJI-H8-Me - 2044±3 33.7/21.8 - 10.2/4.7 10.4 - 80 
SIFSIX-Cu-TPA - 1330 39.1/25.7 - 8.3/4.8 5.3 1.97 81 
SIFSIX-21-Ni 3.16  
3.64 
871 37.9/19.8 35.2/20.3 4.0/1.3 7.8 27.7/10.0 This 
work 
TIFSIX-4-Ni 3.98  
3.98 
931 41.4/27.4 36.4/25.5 3.8/2.0 7.6 4.4/3.1 This 
work 
NbOFFIVE-3-Ni - 761 36.7/25.0 33.4/25.6 3.8/1.9 6.0 15.0/6.5 This 
work 
SIFSIX-21-Cu 4.46  
4.46 
839 36.3/24.0 34.2/23.8 3.9/1.5 10.0 4.6/3.1 This 
work 
TIFSIX-4-Cu 4.69  
4.69 
747 40.6/27.0 35.1/26.4 3.5/2.0 8.3 5.4/4.1 This 
work 
NbOFFIVE-3-Cu - 805 41.9/25.8 38.6/23.4 4.0/1.6 9.5 16.9/7.9 This 
work 
[a] Unless otherwise mentioned, all values correspond to 298 K measurements; [b] unless otherwise mentioned, all values are calculated 
from IAST selectivities for 1:1 equimolar mixtures; [c] title compound is a metal-organic complex with 1D channels; [d] uptake ratio at 
0.01 bar for 270 K measurements; [e] IAST selectivity at 0.15 bar for 1:1 ratio; [f] IAST selectivity at 0.15 bar for 2:1 ratio; [g] for gas 
mixture 10:5:85 C2H2/CO2/He; [h] at zero loading; [i] consistent for loadings > 0.22 mmol g
-1; [j] uptake at 0.01 bar; [k] uptake ratio at 0.5 
bar; [l] IAST selectivity at 1 bar for 1:1 ratio; [m] at uptake 2 mmol g-1; [n] recorded at 293 K. [o] determined from Horvath–Kawazoe 









 SIFSIX-21-Ni TIFSIX-4-Ni SIFSIX-21-Cu TIFSIX-4-Cu 
Empirical formula C21H26F6N6NiOSi  C20H22F6N6NiTi  C20H22CuF6N6Si  C20H22CuF6N6Ti  
Formula weight 579.28  567.04  552.06  571.86  
Temperature/K 100.0  100.0  120.0(5)  120.0(5)  
Crystal system orthorhombic  orthorhombic  orthorhombic  orthorhombic  
Space group Pnna  Pnna  Pnna  Pnna  
a/Å 14.8769(12)  14.9625(11)  14.9853(16)  16.2099(14) 
b/Å 14.6342(11)  15.0720(12)  15.7634(10)  14.7716(14) 
c/Å 14.6946(11)  14.5962(12)  14.2288(16)  14.445(2) 
α/° 90  90  90  90  
β/° 90  90  90  90  
γ/° 90  90  90  90  
Volume/Å3 3199.2(4)  3291.7(4)  3361.1(6)  3458.8(7) 
Z 4  4  4  4  
ρcalc, g/cm
3 1.203  1.144  1.091  1.098 
μ/mm-1 1.746  3.220  1.699  0.892 
F(000) 1192.0  1152.0  1124.0  1156.0 
Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54184) Mo Kα (λ = 0.71073 Å) 
Reflections 
collected 
19183 20325 18207 17279 
Independent 
reflections 
1840 [Rint = 0.0882, 
Rsigma = 0.0440] 
2603 [Rint = 0.0729, Rsigma 
= 0.0472] 
3516 [Rint = 0.1237, Rsigma 
= 0.0795] 




1840/146/219 2603/70/193 3516/33/229 4690/72/193 
Goodness-of-fit on 
F2 
1.044 1.459 0.949 0.953 
Final R indexes 
[I>=2σ (I)] 
R1 = 0.0823, wR2 = 
0.2240 
R1 = 0.1036, wR2 = 
0.3046 
R1 = 0.0954, wR2 = 
0.2636 
R1 = 0.1207, wR2 = 
0.3010 
Final R indexes 
[all data] 
R1 = 0.1018, wR2 = 
0.2483 
R1 = 0.1149, wR2 = 
0.3272 
R1 = 0.1362, wR2 = 
0.3051 




Table C3. DSLF fitting parameters summary for C2H2 and CO2 sorption. 
Adsorbent gas 𝒒𝟏 𝒌𝟏 𝒏𝟏 𝒒𝟐 𝒌𝟐 𝒏𝟐 R
2 
NbOFFIVE-3-Ni 
C2H2 3.591 0.0006 0.965 3.125 0.008 0.954 0.999 
CO2 4.609 0.0008 1.180 0.180 0.009 0.939 0.999 
SIFSIX-21-Ni 
C2H2 4.060 0.006 1.878 0.059 4173.33 15.759 0.998 
CO2 6.581  0.0003 1.048 0.094 0.0008 0.657 0.999 
TIFSIX-4-Ni 
C2H2 4.08225 1.6914 0.852066 1.40998 19.4212 0.991972 0.999 
CO2 1 2.352 0.668 1.469 1.995 1.320 0.984 0.999 
NbOFFIVE-3-Cu 
C2H2 0.551 1.089 4.068 4.331 5.973 0.914 0.999 
CO2 1.398 0.671 1.923 2.466 0.904 1.033 0.999 
SIFSIX-21-Cu 
C2H2 3.614 9.498 1.162 0.691 1.435 3.729 0.999 
CO2 9.033 0.187 0.985 0.0140 5.9e-08 218.447 0.999 
TIFSIX-4-Cu 
C2H2 4.681 1.585 0.757 0.782 51.723 1.032 0.999 
CO2 2.293 1.121 0.982 1.746 0.815 1.558 1 
 
Table C4: Calculated averaged total potential energies (in kJ mol–1) for a single C2H2 and 
CO2 molecule, individually, positioned at their global minimum in SIFSIX-21-Ni as 
determined from CMC simulations at 298 K/0.10 atm. 
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Appendix D: Supplementary Data for Chapter Five 
 
D.1 Materials and methods 
Starting materials, reagents, and solvents were purchased from commercial sources 
(Sigma-Aldrich, Acros Organics B.V.B.A., AK Scientific Inc. and TCI chemicals Europe 
N.V.) and used without further purification. 
Experimental details. 
Synthesis of compounds. 
Preparation of [Ni(2-aminopyrazine)2(SiF6)]n,SIFSIX-17-Ni. 
SIFSIX-17-Ni was solvothermally synthesised by the reaction of nickel hexafluorosilicate 
(NiSiF6·6H2O, 1 mmol, 0.31 g) with 2-aminopyrazine (pyz–NH2, 2 mmol, 0.19 g) in 20 mL of 
methanol at 85 C. A dark green powder was obtained after 48 hours, collected by filtration 
and then washed with methanol (70% yield based on nickel). 
Preparation of [Ni(2-aminopyrazine)2(TiF6)]n,TIFSIX-17-Ni. 
TIFSIX-17-Ni was obtained by the analogous procedure as described above for 
SIFSIX-17-Ni, replacing the starting reagent nickel hexafluorosilicate with nickel 
hexafluorotitanate. 
Powder X-ray diffraction (PXRD). Diffractograms were recorded using a PANalytical 
Empyrean™ diffractometer equipped with a PIXcel3D detector operating in scanning line 
detector mode with an active length of 4 utilizing 255 channels. The diffractometer is outfitted 
with an Empyrean Cu LFF (long fine-focus) HR (9430 033 7310x) tube operated at 40 kV and 
40 mA and CuKα radiation (λα = 1.540598 Å) was used for diffraction experiments. Continuous 
scanning mode with the goniometer in the theta-theta orientation was used to collect the data. 
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Incident beam optics included the Fixed Divergences slit with anti-scatter slit PreFIX module, 
with a 1/8° divergence slit and a 1/4° anti-scatter slit, as well as a 10 mm fixed incident beam 
mask and a Soller slit (0.04 rad). Divergent beam optics included a P7.5 anti-scatter slit, a 
Soller slit (0.04 rad), and a Ni-β filter. In a typical experiment, 20 mg of sample was dried, 
ground into a fine powder and was loaded on a zero background silicon disks. The data was 
collected from 5°−40° (2θ) with a step-size of 0.0131303° and a scan time of 30 seconds per 
step. Crude data were analysed using the X’Pert HighScore Plus™ software V 4.1 
(PANalytical, The Netherlands). 
Synchrotron Powder X-ray diffraction data was collected at beamline i111 at the 
Diamond Light Source, λ = 0.82455(2) Å and zero point = -0.01826(1)°. Positional scanning 
detector was used to collect diffractogramm of polycrystalline powder sample in a 0.5 mm 
quartz capillary. The capillary with the sample was connected to a gas dosing system, which 
allowed exposure of the sample to gas or dynamic vacuum. Oxford Cryostream Plus was used 
to control the temperature in a range from 298 K to 383 K.  
Analysis of synchrotron Powder X-ray diffraction data was carried out using GSAS-II.2 
Batch Pawley profile fit of in situ PXRD data was performed using sequential mode of 
GSAS-II, using each profile fit result as an initial parameter guess for profile fit of the next 
scan.  
For structure solution of TIFSIX-17-Ni, the positions of Ni, Ti and F atoms were found 
using peak positions on Fourier electron density difference map, the positions of atoms 
belonging to organic linker were found using rigid body. At the refinement step, the positions 
of all atoms were refined, with 3 angle and 7 bond length restraints applied topositions of C 
and N atoms. Rietveld refinement plot can be found in Figure 5.1d. 
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Thermogravimetric analysis (TGA). Thermograms were recorded under nitrogen using TGA 
instrument TA Q50 V20.13 Build 39. Platinum pans and a flow rate of 60 cm3 min-1 for the 
nitrogen gas were used for the experiments. The data was collected in the High Resolution 
Dynamic mode with a sensitivity of 1.0, a resolution of 4.0, and a temperature ramp of 20 K 
min-1 up to 773 K. The data was evaluated using the T.A. Universal Analysis suite for 
Windows® 7/Vista Version 4.5A. 
Gas sorption measurements. For gas sorption experiments, ultrahigh-purity gases were used 
as received from BOC Gases Ireland: research-grade He (99.999%), CO2 (99.995%), C2H2 
(98.5%), C2H4 (99.92%), C2H6 (99%), N2 (99.998%) and CH4 (99.995%). Adsorption 
experiments (up to 1 bar) for 77 K N2 and 195 K CO2 were performed on Micromeritics Tristar 
II 3030. Micromeritics 3Flex surface area and pore size analyser 3500 was used for collecting 
the 273 and 298 K sorption isotherms (equilibration time: 100 secs) for C2H2, C2H4, C2H6 and 
CO2. Solid adsorbents were air-dried, ground in a mortar-pestle to prepare a polycrystalline 
phase. Before sorption measurements, activation of adsorbents was achieved by degassing the 
air-dried samples on a SmartVacPrep™: MFSIX-17-Ni (M = Si, Ti) were heated from RT to 
378 K (maintained at 378 K for 6 h) with a ramp rate of 5 K·min-1. Brunauer-Emmett-Teller 
(BET) surface areas of MFSIX-17-Ni were determined from their CO2 adsorption isotherms 
at 195 K using the Micromeritics Microactive software, meeting Rouquerol criteria.3 About 
120 mg of activated HUM samples were used for all the sorption measurements. The bath 
temperatures of 273 and 298 K were controlled with a Julabo ME (v.2) recirculating control 
system containing a mixture of ethylene glycol and water. The low temperatures at 77 K and 
195 K were maintained by a 4 L Dewar filled with liquid N2 and dry ice/acetone, respectively. 
At every interval of two independent isotherms recorded for any sorbent, samples were 
regenerated by degassing over 5 h under SmartVacPrep™ using dynamic vacuum, before 
commencing the next sorption experiment. 
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Adsorption energy calculations. A virial-type expression of the below form was used to fit 
the combined 273 and 298 K isotherms data of CO2 and C2H2 for the HUM sorbents, 
MFSIX-3-Ni and MFSIX-17-Ni (M = Si, Ti) (Figures D23-D26), where P is the pressure 
described in Pa, N is the adsorbed amount in mmol g-1, T is the temperature in K, ai and bi are 
virial coefficients, and m and n are the number of coefficients used to describe the isotherms. 
Qst is the coverage-dependent enthalpy of adsorption and R is the universal gas constant. All 
fitting were performed using Origin Pro 2016.4 Fitting parameters thus obtained for the four 
sorbents can be found in Figures D27-D30 and Tables D4−D7.  
ln 𝑃 = ln 𝑁 +  ∑ 𝑎𝑖𝑁𝑖
𝑚
𝑖=0







Qst was calculated from the virial model using the equation below.   




Adsorption selectivity calculations. The selectivities for the adsorbate mixture composition 
of interest were calculated from the single-component adsorption isotherms using Ideal 
Adsorbed Solution Theory (IAST), using a modified version of the program pyIAST.5 First, 
the single-component isotherms for the gas sorbates at 298 K and 273 K were fitted to the 










In this equation, qi is the amount adsorbed per unit mass of material (in cm
3 g-1), P is the total 
pressure (in torr) of the bulk gas at equilibrium with the adsorbed phase, 𝑞1 and 𝑞2 are the 
saturation uptakes (in cm3 g-1) for sites 1 and 2 respectively, 𝑘1 and 𝑘2 are the affinity 
coefficients (in torr–1) for sites 1 and 2 respectively, and n1
-1 and n2
-1 represent the deviations 
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from the ideal homogeneous surface (unit-less) for sites 1 and 2 respectively. Final selectivity 











Here, 𝑥𝑖 and 𝑥𝑗 are the mole fractions of components i and j, respectively, in the adsorbed 
phase, and 𝑦𝑖 and 𝑦𝑗 are the mole fractions of components i and j, respectively, in the gas phase. 
Dynamic column breakthrough (DCB) experiments. In typical DCB experiments, ~ 0.5 g 
of pre-activated solid adsorbent was placed in quartz tubing (8 mm diameter; 8 mm x 6 mm x 
400 mm) to form fixed beds. First, the adsorbent bed was purged under a 30 cm3 min-1 flow of 
He gas at 333 K for 30 min prior to breakthrough experiment. Upon cooling to room 
temperature, the gas flow was switched to the desired C2H2/C2H4, C2H2/CO2 and 
C2H2/CO2/C2H4 of gas mixture compositions (1:1, 1:1 and 1:1:1, respectively), maintained at 
a total flow rate of 1.4, 1.4 and 2.1 cm3 min-1. The outlet compositions were continuously 
monitored by a Hiden HPR-20 quartz inert capillary (QIC) mass spectrometer until complete 
breakthrough was achieved in each case. Note: To maintain a total flow rate of 10 cm3min-1 
(detectable at the GC), the effluent binary/ternary gas mixtures from the DCB outlet were 
balanced with supplementary He flow. 
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       (2) 







0  − 𝑢𝑒(𝑡)𝑦𝑒(𝑡)𝐴𝑑𝑡
𝑉𝑚
=  


















where n is the C2H2 uptake in mmol g
-1, t2 is the C2H2 saturation time, ue(t) is the transient 
linear velocity in outlet gas, ye(t) is the transient C2H2 volume fraction in the outlet gas, ui is 
the transient linear velocity in inlet gas, F is the inlet gas volume flow rate, 𝑦𝐶2𝐻2 is the volume 






𝑑𝑡 is the integrated area between the C2H2 
breakthrough curve and the X-axis within the range 0 and t2, C(t) is the detected C2H2 
concentration in the outlet gas, C0 is the detected C2H2 concentration in the outlet gas and Vm 
is molar volume of the gas. 
The C2H4 productivity was defined by the breakthrough amount of ethylene (defined as 
a volume of gas, cm3) from an adsorption bed packed with 1 g of materials. The breakthrough 
amount was calculated by integration of the breakthrough curves during a period from t1 to t2 
during which the C2H4 purity is higher than or equal to a threshold value of 99.95% (ultra-high 
grade, also known as polymer-grade) or 99.90 (high grade) and 99.00 (low grade). Such a 






         (4) 
where 𝐹𝑒,𝐶2𝐻4 is the effluent flow rate of ethylene (cm
3/min), and m is the mass of adsorbent 
(g). 
Accelerated stability protocol. In a typical experiment, as followed by the pharmaceutical 
industries,10 microcrystalline samples of each of the HUMs was exposed to 313 K and 75 % 
RH for 1, 7 and 14 days (d) in a desiccator (corresponding to 4 d, 1 month and 2 months’ 
shelf-life, respectively). These conditions were achieved by using a supersaturated aqueous 
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solution of NaCl maintained at 313 K in a closed desiccator. After 1, 7 and 14 d, sample aliquots 
were removed from desiccator and characterised by PXRD measurements in order to detect 
signs the sample which may have been affected by humidity. 
In situ Infrared (IR) Spectroscopy. In situ IR measurements were performed on a Nicolet 
6700 FTIR spectrometer using a liquid N2-cooled mercury cadmium telluride (MCT-A) 
detector. A vacuum cell is placed in the sample compartment of the infrared spectrometer with 
the sample at the focal point of the beam. The samples (~ 5 mg) were gently pressed onto KBr 
pellet and placed into a cell that is connected to a vacuum line for evacuation. The samples of 
TIFSIX-3-Ni and TIFSIX-17-Ni were activated by evacuation overnight at 383 K and 433 K, 
respectively, and then cooled back to room temperature for CO2 and C2H2 gas exposure 
measurements. 
Density functional theory, DFT calculation: The DFT calculations related to IR vibrational 
modes presented here were obtained using the Schrödinger software suite (Release 2020-1). 
Geometry relaxation, with perturbation to ensure convergence at minimum energy structure, 
and subsequent single point vibrational frequencies calculation were carried out using the 
Jaguar electronic structure program.11, 12 All structure derivatives were computed using the 
B3LYP-D3 hybrid functional13 and 6-31G** basis set.14 The chemical structure images were 
drawn with Maestro.12 
Assignment of MOFs spectra. The IR spectra of activated TIFSIX-3-Ni and TIFSIX-17-Ni 
above 700 cm-1 were found to be dominated by the bands associated with pyz and pyz-NH2, 
respectively. The fundamental vibrations of matrix isolated (monomeric) pyz have been 
assigned in the literature.15 We calculated the vibrational modes of pyz-NH2 by DFT 
calculations (Figure D37). These studies revealed that the intense bands located between 3134 
and 3008 cm-1 correspond to the C-H stretching vibration of the pyz ring.15  Broadening of 
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these (C-H)phenyl bands in TIFSIX-17-Ni could arise from disordering of the pyz-NH2 linker. 
IR spectra of TIFSIX-3-Ni and TIFSIX-17-Ni (Figure 5.3a) feature two additional bands at 
3459 and 3379 cm-1, which we attribute to the stretching vibration of N-H in NH2-pyz including 
asymmetric as and symmetric modes s. Other NH2 modes such as N-H scissoring (NH2), 
rocking (NH2) and C-N stretching (CN)amine appear in the lower frequency region. In the 
region 1500−1400 cm−1, a pronounced band observed in TIFSIX-3-Ni at 1433 cm-1 (and in 
TIFSIX-17-Ni at 1453 cm-1) is ascribed to the stretching mode (CC)phenyl coupled with an 
in-plane C-H deformation mode (CH)ip. In addition, the IR spectrum of 
TIFSIX-17-Ni displays a series of new peaks such as 1542 and 1221 cm-1 that are not present 
in TIFSIX-3-Ni. Assignments of these bands are summarised in Table D10. These vibrational 
modes are IR inactive in the symmetric pyz rings, whereas the addition of -NH2 group disrupts 
the molecular symmetry to activate vibrational modes in the corresponding IR spectra.16 
Computational methods. The binding sites for C2H2, CO2, and C2H4 in TIFSIX-17-Ni were 
determined through classical molecular simulations. The single X-ray crystallographic 
structure that was published herein for the material was used as a starting point to perform the 
parametrizations and simulations. Duplicate atoms due to the disorder of the amine and TiF6
2– 
groups were removed and absent H atoms on the linkers were manually inserted where 
appropriate. The resultant structure was subject to geometry optimization, which was 
implemented by the Material Studios17 Forcite module with the crystallographically 
determined basis vectors held constant. 
All atoms of the optimised structure of TIFSIX-17-Ni were treated with Lennard-Jones 
(LJ) parameters (ε and σ),18 point partial charges, and point polarizabilities in order to model 
repulsion/dispersion, stationary electrostatic, and many-body polarization interactions, 
respectively. The LJ parameters for all atoms were taken from the Universal Force Field 
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(UFF).19 The partial charges for the unique atoms in TIFSIX-17-Ni were determined through 
the extended charge equilibration (EQeq) method.
20 The exponential damping-type 
polarizability values for all C, H, N, and F atoms were taken from a carefully parametrised set 
provided by the work of van Duijnen and Swart.21 The polarizability parameter for Ni2+ and 
Ti4+ was calculated in previous work22, 23 and used herein. 
Classical Monte Carlo (MC) simulations of C2H2, CO2, and C2H4 adsorption were 
performed in TIFSIX-17-Ni within a rigid 3 × 3 × 3 supercell of the HUM. A spherical cut-off 
distance of 10.47735 Å, representing half the shortest supercell dimension length, was used for 
the simulations. C2H2, CO2, and C2H4 were modeled using polarizable potentials of the 
respective adsorbates that were developed previously.24-26 The total potential energy of the 
HUM–adsorbate system was calculated through the sum of the repulsion/dispersion, stationary 
electrostatic, and many-body polarization energies. These were calculated using the 
Lennard-Jones 12–6 potential,2 partial charges with Ewald summation,27, 28 and a 
Thole-Applequist type model,29-31 respectively. All MC simulations were performed using the 
Massively Parallel Monte Carlo (MPMC) code.32, 33 
In order to identify the global minimum for C2H2, CO2, and C2H4 in TIFSIX-17-Ni, 
simulated annealing (SA) calculations34 were performed for a single molecule of each 
adsorbate through a canonical Monte Carlo (CMC) process in the considered supercell of the 
HUM. SA calculations for each adsorbate utilised an initial temperature of 500 K, and this 
temperature was scaled by a factor of 0.99999 after every 103 MC steps. The simulations 
continued until 1.0 × 106 MC steps were reached; at this point, the temperature of the system 




Next, CMC simulations were performed for a single molecule of C2H2, CO2, and C2H4, 
individually, positioned at their global minimum in TIFSIX-17-Ni. This was done in order to 
evaluate the averaged classical potential energy for all three adsorbates about their energy 
minimum position in the material. The CMC simulations were performed at a temperature of 
20 K and a pressure of 1.0 atm. These simulations ran for a total of 1.0 × 106 MC steps to 
ensure reasonable ensemble averages for the total potential energy of the system. The averaged 
classical potential energies for C2H2, CO2, and C2H4 localised about their energy minimum 
position in TIFSIX-17-Ni are presented in Table D11. 
Grand canonical Monte Carlo (GCMC) simulations35 were also performed at 195 K and 
1.0 atm in order to the obtain the modeled structure at saturation for each adsorbate. For the 
state point considered, the simulations consisted of 2.5 × 106 MC steps to guarantee 
equilibration, followed by an additional 2.5 × 106 steps to ensure reasonable ensemble averages 
for the particle number. According to the simulations, saturation of all three adsorbates in 
TIFSIX-17-Ni is achieved at one molecule per unit cell. The modeled 3 × 3 × 3 supercell of 
the HUM containing the saturated loading amount for C2H2, CO2, and C2H4 are shown in 










D.2 Supplementary figures  
 
Scheme D1. Comparison of key physicochemical properties of CO2 and C2 light hydrocarbons, 




Figure D1. Schematic illustration of the synthetic routes leading to MFSIX-3-Ni and 






Figure D2. Pawley profile fit of the PXRD pattern of as-synthesized SIFSIX-17-Ni, data 
collected using synchrotron radiation, λ = 0.82455(2) Å, 298 K. Space group = P4/mmm, a = 




Figure D3. Pawley profile fit of the PXRD pattern of as-synthesized TIFSIX-17-Ni, data 
collected using synchrotron radiation, λ = 0.82455(2) Å, 298 K. Space group = P4/mmm, a = 






Figure D4. Batch Pawley profile fit of in situ PXRD patterns of SIFSIX-17-Ni, data collected 
using synchrotron radiation, λ = 0.82455(2) Å. The as-synthesized material was heated to 383 






Figure D5. Batch Pawley profile fit of in situ PXRD patterns of TIFSIX-17-Ni, data collected 
using synchrotron radiation, λ = 0.82455(2) Å. The as-synthesized material was heated to 383 





Figure D6. Comparative analysis of unit cell parameters for MFSIX-17-Ni (this work) and 




Figure D7. a) Cross-sectional channel view of the desolvated crystal structure of desolvated 
SIFSIX-3-Ni along the crystallographic c axis, 3.51  3.51 Å ultramicroporous channels are 
formed; b) crystal structure of desolvated SIFSIX-3-Ni viewed along the a- and b-axes, where 
Ni(II)-pyz square lattice layers are pillared by SiF6
2-anions.37 Colour codes: grey, C; blue, N; 





Figure D8. FF diagonal distances across a primitive cubic unit cell in the HUMs: a) 
SIFSIX-3-Ni; b) TIFSIX-17-Ni (NH2 group is disordered between four positions, only one 




Figure D9. Thermogravimetric analysis profiles for MFSIX-17-Ni (M = Si, Ti) as-synthesised 
and activated phases. 
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D.3 Accelerated stability experiments 
 
Figure D10. 298 K CO2 adsorption isotherms for SIFSIX-17-Ni after accelerated stability 
tests. 
 








Figure D12. PXRD profiles for MFSIX-17-Ni (M = Si, Ti) before and after accelerated 
stability test. 
D.4 Gas sorption isotherms 
 





































































Figure D26. For TIFSIX-17-Ni, C2H2 and CO2 adsorption isotherms recorded at 273 K. 
 
D.5 Virial fit parameters 
 

















Figure D30. Fitting of the CO2 adsorption isotherms data for TIFSIX-17-Ni to the virial 
equation. 
D.6 IAST selectivities 
 
Figure D31. For MFSIX-17-Ni (M = Si, Ti), equimolar (v/v) selectivity profiles for C2H2 over 




D.7 Dynamic column breakthrough experiments 
 
Figure D32. Ambient temperature (298 K) and pressure (1 bar) experimental column 
breakthrough curves for SIFSIX-3-Ni and TIFSIX-3-Ni: C2H4/C2H2 (1:1) and CO2/C2H2 (1:1) 




Figure D33. Ambient temperature (298 K) and pressure (1 bar) experimental column 
breakthrough curves for SIFSIX-17-Ni and TIFSIX-17-Ni: C2H4/C2H2 (1:1) and CO2/C2H2 






Figure D34. Ambient temperature (298 K) and pressure (1 bar) experimental column 
breakthrough curves for SIFSIX-3-Ni and TIFSIX-3-Ni: C2H4/C2H2/CO2 (1:1:1) ternary gas 
mixture separations (maintained at a total flow rate of 2.1 cm3 min-1). 
D.8 In situ IR studies 
 
 
Figure D35. Time evolution of the vibrational band νas(CO2) in TIFSIX-3-Ni (olive diamond) 
and TIFSIX-17-Ni (saffron diamond) upon evacuation, monitored by recording the band 
integrated areas (see Figures 3a and 3b). The error bars were calculated from the variations in 





Figure D36. IR spectra of the vibrational band νas(CO2) in TIFSIX-3-Ni collected at the 
starting point of the gas phase removal at room temperature (see Figure 3a) and after annealing 
the sample at 423 K under vacuum for ~20 min. 
 
 





D.9 Binding sites 
                    
                             (a)                 (b) 
 
 
                                                                         (c) 
Figure D38. a) Perspective a-axis view, b) b-axis view, and c) c-axis view of the modeled 3 × 
3 × 3 supercell of TIFSIX-17-Ni at C2H2 saturation. Atom colors: C(HUM) = gray, C(C2H2) 




                 
                                   (a)      (b) 
 
 
                                                                        (c) 
Figure D39. a) Perspective a-axis view, b) b-axis view, and c) c-axis view of the modeled 3 × 
3 × 3 supercell of TIFSIX-17-Ni at CO2 saturation. Atom colors: C(HUM) = gray, H = white, 




                   
                                   (a)      (b) 
 
 
                                                                         (c) 
Figure D40. a) Perspective a-axis view, b) b-axis view, and c) c-axis view of the modeled 3 × 
3 × 3 supercell of TIFSIX-17-Ni at C2H4 saturation. Atom colors: C(HUM) = gray, C(C2H4) 









D.10 Supporting information tables 
Table D1. Crystallographic parameters obtained from Rietveld refinement of TIFSIX-17-Ni 
(298 K, vacuum) versus SIFSIX-3-Ni (298K, hydrated). 
 TIFSIX-17-Ni SIFSIX-3-Ni 
Reference This work 36 
Temperature/K 298 298 
Crystal system Tetragonal Tetragonal 
Space group P4/mmm P4/mmm 
a/Å 6.9849(11) 7.0148(4) 
b/Å 6.9849(11) 7.0148(4) 
c/Å 7.652(3) 7.5655(7) 
/° 90 90 
/° 90 90 
/° 90 90 
Volume/Å3 373.3(12) 372 
Rwp 4.685% 11.17 % 
RF2 29.203% - 
 












(298 K, vacuum) 
1.84 (3) 2.23 1.99 (3) 1.605 (7) This work 

















(298 K, hydrated) 




1.988 2.128 1.761 1.639 37 
Xe@SIFSIX-3-
Ni (298 K) 
1.978 2.137 1.777 1.628 37 
C3H4@SIFSIX-
3-Ni (298 K) 
2.085 2.096 1.710 1.704 42 
 
Table D3. Selected geometric parameters (distance / Å and angle / °) found in the crystal 
structure of TIFSIX-17-Ni (298 K, vacuum). 
Ni1—F1 1.84 (3) C1—C1x 1.384 (5) 
Ni1—F1i 1.84 (3) C1—N6 1.359 (7) 
F1—Ni1 1.84 (3) N6—F1 2.01 (3) 
F1—N6 2.01 (3) N6—F2xi 1.766 (12) 
F1—N6ii 2.01 (3) N6—F2xii 1.766 (12) 
F1—N6iii 2.01 (3) N6—C1 1.359 (7) 
F1—N6iv 2.01 (3) Ti7—F1 1.99 (3) 
F1—Ti7 1.99 (3) Ti7—F1xiii 1.99 (3) 
F2—F2v 1.341 (12) Ti7—F2xi 1.605 (7) 
F2—F2vi 1.114 (14) Ti7—F2xiv 1.605 (7) 
F2—N6vii 1.766 (12) Ti7—F2xv 1.605 (7) 
F2—N6viii 1.766 (12) Ti7—F2xvi 1.605 (7) 
F2—Ti7vii 1.605 (7) Ti7—F2xii 1.605 (7) 
N1—C1 1.327 (3) Ti7—F2xvii 1.605 (7) 
N1—C1ix 1.327 (3) Ti7—F2xviii 1.605 (7) 
C1—N1 1.327 (3) Ti7—F2xix 1.605 (7) 
 
F1—Ni1—F1i 180 F2xiv—Ti7—F2xii 40.6 (5) 
Ni1—F1—Ti7 180 F2xv—Ti7—F2xii 130.6 (5) 
F2v—F2—F2vi 135 F2xvi—Ti7—F2xii 139.4 (5) 
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F2v—F2—Ti7vii 65.3 (2) F1—Ti7—F2xvii 90 
F2vi—F2—Ti7vii 69.7 (2) F1xiii—Ti7—F2xvii 90 
C1—N1—C1ix 129.8 (12) F2xi—Ti7—F2xvii 139.4 (5) 
N1—C1—C1x 115.1 (6) F2xiv—Ti7—F2xvii 49.4 (5) 
N1—C1—N6 116.9 (13) F2xv—Ti7—F2xvii 40.6 (5) 
C1x—C1—N6 128.0 (13) F2xvi—Ti7—F2xvii 130.6 (5) 
F1—Ti7—F1xiii 180 F2xii—Ti7—F2xvii 90 
F1—Ti7—F2xi 90 F1—Ti7—F2xviii 90 
F1xiii—Ti7—F2xi 90 F1xiii—Ti7—F2xviii 90 
F1—Ti7—F2xiv 90 F2xi—Ti7—F2xviii 130.6 (5) 
F1xiii—Ti7—F2xiv 90 F2xiv—Ti7—F2xviii 139.4 (5) 
F2xi—Ti7—F2xiv 90 F2xv—Ti7—F2xviii 49.4 (5) 
F1—Ti7—F2xv 90 F2xvi—Ti7—F2xviii 40.6 (5) 
F1xiii—Ti7—F2xv 90 F2xii—Ti7—F2xviii 180 
F2xi—Ti7—F2xv 180 F2xvii—Ti7—F2xviii 90 
F2xiv—Ti7—F2xv 90 F1—Ti7—F2xix 90 
F1—Ti7—F2xvi 90 F1xiii—Ti7—F2xix 90 
F1xiii—Ti7—F2xvi 90 F2xi—Ti7—F2xix 40.6 (5) 
F2xi—Ti7—F2xvi 90 F2xiv—Ti7—F2xix 130.6 (5) 
F2xiv—Ti7—F2xvi 180 F2xv—Ti7—F2xix 139.4 (5) 
F2xv—Ti7—F2xvi 90 F2xvi—Ti7—F2xix 49.4 (5) 
F1—Ti7—F2xii 90 F2xii—Ti7—F2xix 90 
F1xiii—Ti7—F2xii 90 F2xvii—Ti7—F2xix 180 
F2xi—Ti7—F2xii 49.4 (5) F2xviii—Ti7—F2xix 90 
Symmetry codes: (i) −x+2, −y+2, −z+1; (ii) −y+2, x, z; (iii) −x+2, −y+2, z; (iv) y, −x+2, z; (v) −x, y, 
z; (vi) y−1, x+1, z; (vii) x−1, y, z; (viii) x−1, y, −z; (ix) x, y, −z+1; (x) −x+2, −y+1, z; (xi) x+1, y, z; 
(xii) −x+1, y, z; (xiii) −x+2, −y+2, −z; (xiv) −y+2, x+1, z; (xv) −x+1, −y+2, z; (xvi) y, −x+1, z; (xvii) 
−y+2, −x+1, z; (xviii) x+1, −y+2, z; (xix) y, x+1, z. 
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Table D4. Virial fitting parameters for C2H2 isotherms (273 and 298 K) on SIFSIX-17-Ni. 
Parameters Value Standard Error 
a0 1421.66 164.72 
a1 3265.40 517.65 
a2 -2311.71 397.32 
a3 764.59 143.89 
a4 -225.783 41.65 
a5 32.75 4.95 
b0 1.76 0.58 
b1 -11.28 1.80 
b2 6.53 1.28 
b3 -0.76 0.24 
Adj. R-Square 0.9995 
 
Table D5. Virial fitting parameters for C2H2 isotherms (273 and 298 K) on TIFSIX-17-Ni. 
Parameters Value Standard Error 
a0 -902.90 172.5 
a1 1791.97 298.82 
a2 -756.33 217.18 
a3 44.02 138.69 
a4 -63.97 44.48 
a5 14.01 5.11 
b0 9.61 0.6 
b1 -7.02 0.95 
b2 3.35 0.27 
b3 0 0 
Adj. R-Square 0.9984 
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Table D6. Virial fitting parameters for CO2 isotherms (273 and 298 K) on SIFSIX-17-Ni. 
Parameters Value Standard Error 
a0 -5148.99 24.48 
a1 1001.63 30.06 
a2 -359.80 42.26 
a3 221.52 35.19 
a4 -70.12 12.79 
a5 9.03 1.68 
b0 25.45 0.08 
b1 -1.40 0.05 
b2 0 0 
b3 0 0 
Adj. R-Square 0.99996 
 
Table D7. Virial fitting parameters for CO2 isotherms (273 and 298 K) on TIFSIX-17-Ni. 
Parameters Value Standard Error 
a0 5992.76 57.47 
a1 -1479.82 119.82 
a2 -61.91 107.18 
a3 246.64 78.66 
a4 -58.74 29.54 
a5 5.73 4.05 
b0 -14.64 0.21 
b1 8.40 0.40 
b2 -1.55 0.16 
b3 0 0 






Table D8. Dual site Langmuir-Freundlich fitting parameters for C2H2, CO2 and C2H4 
adsorption at 298 K. 









2.895 0. 999966 
CO2 3.245 0.984 0.816 0.188 1.698 0.888 0.999998 
C2H4 1.293 0.152 1.660 0.421 1.926 1.04 0.999967 
TIFSIX-
17-Ni 
C2H2 3.135 76.994 1.078 29.621 0.00013 0.565 0.999982 







2.346 0.093 0.772 0.999898 
SIFSIX-3-
Ni 
C2H2 3.071 17.422 1.207 
5.494  
10-6 






31.916 2.486 308.582 0.88 0.999129 
TIFSIX-3-
Ni 











Table D9. Comparison of ethylene productivities from dynamic column breakthrough 







































































1 2.1 99.900 









1 2.1 99.844 





















1 2.1 99.958 









1 2.1 99.912 
19.6 15.8 0 
†obtained from extracted data43 from the reference 44. 
 
 
Table D10. Summary of TIFSIX-3-Ni and TIFSIX-17-Ni phonon Modes and their changes 
upon loading CO2 and C2H2, each at 1 bar. 
Assignment 









   CO2 C2H2 CO2 C2H2 
as(NH2)  3459   +2 0 
s(NH2)  3379   +3 0 
(CH)phenyl 3134 3179 +2 0 0 +2 
 3101 3120 +4 0 0 0 
 3055 3057 +3 0 +2 0 
 3008  +4 +2   
(NH2)  1635   0 0 
(CN)phenyl ring  1542   0 0 
(CC) + (CH)in plane 1433 1453 0 -2 0 0 
(CH)in plane + (CN)amine  1362   0 0 
(CH)in plane + (NH)  1334   0 0 
(CN)phenyl ring  1221   0 0 
(CH)in plane + (NH2)  1189   0 0 
(CH)ip + (phenyl ring) + (CN)phenyl 1152  +3 0   
 1135  0 -2   
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 1119  +2 0   
(CH)in plane + (NH2)  1086   0 0 
(CC)phenyl + (CH)ip + (CN)phenyl 1069 1031 0 0 0 0 
(CH)oop 841 834 -5 0 0 -2 
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